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Preface to ”Advanced Technology of Waste

Treatment”

The protection of human health and the environment as well as the sustainable use of

natural resources requires the chemical, biological, and physical treatment of waste. This refers

to the conditioning (e.g., drying, washing, comminution, rotting, stabilization, neutralization,

agglomeration, homogenization), conversion (e.g., incineration, pyrolysis, gasification, dissolution,

evaporation), and separation (classification, direct and indirect (i.e., sensor-based) sorting) of all

kinds of wastes following waste hierarchy principles (i.e., prevention (not addressed by this issue),

preparation for re-use, recycling, other recovery and landfilling). Longstanding challenges include

the increase in the yield and purity of recyclable fractions and the removal or destruction of pollutants

from the circular economy.
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Daniel Vollprecht * and Renato Sarc

Chair of Waste Processing Technology and Waste Management, Department of Environmental and Energy Process
Engineering, Montanuniversitaet Leoben, Franz-Josef-Str. 18, 8700 Leoben, Austria; renato.sarc@unileoben.ac.at
* Correspondence: daniel.vollprecht@unileoben.ac.at

The protection of human health and the environment (representing the main reason
for waste management), as well as the sustainable use of natural resources, requires chemi-
cal, biological, physical and thermal treatment of wastes. This refers to the conditioning
(e.g., drying, washing, comminution, rotting, stabilization, neutralization, agglomeration,
homogenization), conversion (e.g., incineration, pyrolysis, gasification, dissolution, evap-
oration), and separation (classification, direct and indirect (i.e., sensor-based) sorting) of
all types of wastes to follow the principles of the waste hierarchy (i.e., prevention (not
addressed by this issue), preparation for re-use, recycling, other recovery, and disposal).
Longstanding challenges include the increase of yield and purity of recyclable fractions
and the sustainable removal or destruction of contaminants from the circular economy.

This Special Issue on “Advanced Technology of Waste Treatment” of Processes col-
lects high-quality research studies addressing challenges on the broad area of chemical,
biological, physical and thermal treatment of wastes.

The mechanical treatment of municipal solid wastes (MSW, including separately
collected fractions (i.e., paper, glass, plastics) and mixed municipal (i.e., residual) wastes,
as well as wastes from landfill mining projects) is a key step in the circular economy
as it produces “concentrates” of specific secondary raw materials from heterogeneous
wastes. Digitalization and intelligent interconnection of mechanical waste processing
plants become increasingly important to optimize the process, and especially to improve
yield and purity of the produced concentrates which are subsequently utilized as recyclates,
when substituting for primary raw materials, and as energy carriers. For this purpose,
approaches such as sensor-based material flow characterization (SBMC) [1], sensor-based
sorting (SBS) [2], and intelligent robotics [3] are applied more and more in mechanical
waste treatment plants. Sarc et al. [4] developed the vision of a “Smart Waste Factory” in
which these approaches are combined using digital communication and interconnection.
For the realization of this vision, a fundamental understanding of waste properties and
their evolution along the waste treatment chain is required. Therefore, Khodier and Sarc [5]
developed a distribution-independent model of particle size distributions and applied it
successfully to the shredding of mixed commercial waste.

Besides the production of concentrates, the removal of contaminants from the circular
economy is the second task of mechanical waste treatment. Currently, the recyclability
of MSW is limited by presence and leachability of contaminants, especially when source
separation did not occur and/or material interactions and alterations have taken place, e.g.,
during use, treatment and—in the case of landfill mining [6]—disposal. Schwabl et al. [7]
developed a wet-mechanical process to purge polyolefin concentrates from different waste
streams, simultaneously removing surface contaminations.

Lithium-ion batteries (LIBs) represent a valuable secondary raw material when col-
lected separately, but are a contaminant when disposed of in the residual MSW. Nigl et al. [8]
conducted a risk assessment of LIB-caused fires in waste treatment processes, highlighting
their role as ignition sources.

Industrial and mining wastes differ from MSW, as it is not so much the level of the
particle but the level of the mineralogical phase which determines their recyclability—both

Processes 2022, 10, 217. https://doi.org/10.3390/pr10020217 https://www.mdpi.com/journal/processes1
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with respect to separability and contaminant immobilization capacity [9]. Consequently,
comminution along phase boundaries is a prerequisite to obtain high-value concentrates
of individual mineral phases for subsequent recycling. Seifert et al. [10] demonstrated the
feasibility of an innovative comminution technology, electrodynamic fragmentation, to
disintegrate spent refractory ceramics along phase boundaries which were subsequently
separated using SBS technology.

Since mechanical waste treatment does not change the phase composition of the mate-
rial, it is a necessary but not a sufficient step in the circular economy. Therefore, the concen-
trates produced in mechanical waste treatment have to undergo (thermo-/hydro-)chemical
waste treatment for conversion into new products or for safe disposal.

Chemical recycling of plastic waste is an emerging technology which allows closing
the loop for plastic waste fractions which cannot be recycled at the material level via the es-
tablished “mechanical” route which, however, also includes the thermal process of melting
and regranulation. Lechleitner et al. [11] used lumped kinetic modelling for the develop-
ment of a pyrolysis process for the chemical recycling of polyolefins, i.e., polypropylene
(PP) and polyethylene (PE). In a complementary study, Rieger et al. [12] focused on plastics
from waste electrical and electronic equipment (WEEE) and the comprehensive chemical
characterization of the pyrolysis products. Finally, Hee et al. [13] used marine litter waste
as feedstock for chemical recycling (pyrolysis, gasification) and energy recovery (inciner-
ation) with special emphasis on the potential of the pyrolysis condensate for subsequent
upcycling.

Chemical recycling of other types of waste is already more established when consider-
ing that, e.g., metal recycling involves chemical reactions and is therefore a thermochemical,
not a thermal process. In this field, Windisch-Kern et al. [14] demonstrated how slagging of
lithium can be reduced in pyrometallurgical battery recycling when using the InduCarb
reactor concept.

Waste treatment and wastewater treatment leave behind secondary wastes, such as
MSW incineration ashes and sewage sludge, respectively. The recovery of resources from
these secondary wastes is a key challenge in the circular economy, as these materials are
often also a sink for contaminants from primary wastes. Sewage sludge incineration is a
process which allows energy recovery, but also ensures destruction of organic contami-
nants. However, the moisture content of sewage sludge hinders the thermal valorization.
Therefore, Ekanthalu et al. [15] applied hydrothermal carbonization (HTC) to produce
energy-rich hydrochar products and to enable phosphorous recovery. Based on an inven-
tory of MSW incineration fly ash in Switzerland by Zucha et al. [16], Weibel et al. [17]
studied metal recovery from these materials by acid leaching, whereas Wolffers et al. [18]
investigated co-leaching of MSW incineration fly ash and waste wood fly ash. These leach-
ing processes yield aqueous solutions which are used by Hettenkofer et al. [19] for copper
recovery using polymer-assisted ultrafiltration.

In summary, this Special Issue presents an overview on recent international develop-
ments in the treatment of primary municipal and industrial, as well as secondary, wastes,
covering both mechanical and (hydro-/thermo-)chemical processes. We thank all the
contributors, as well as the editorial staff of Processes, for their efforts.

Author Contributions: Writing—original draft preparation, D.V.; writing—review and editing, R.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors thank Roland Pomberger for his support.
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Abstract: ReWaste4.0 is an innovative and cooperative K-Project in the period 2017–2021. Through Re-
Waste4.0 the transformation of the non-hazardous mixed municipal and commercial waste treatment
industry towards a circular economy has started by investigating and applying the new approaches
of the Industry 4.0. Vision of the ReWaste4.0 is, among others, the development of treatment plants
for non-hazardous waste into a “Smart Waste Factory” in which a digital communication and inter-
connection between material quality and machine as well as plant performance is reached. After
four years of research and development, various results have been gained and the present review
article summarizes, links and discuss the outputs (especially from peer-reviewed papers) of seven
sub-projects, in total, within the K-project and discusses the main findings and their relevance and
importance for further development of the waste treatment sector. Results are allocated into three
areas, namely: contaminants in mixed waste and technical possibilities for their reduction as well
as removal; secondary raw and energy materials in mixed waste and digitalization in waste charac-
terization and treatment processes for mixed waste. The research conducted in ReWaste4.0 will be
continued in ReWaste F for further development towards a particle-, sensor- and data-based circular
economy in the period 2021–2025.

Keywords: mixed waste; municipal waste; commercial waste; waste treatment; recycling; recovery;
contaminants; plastics; digitalisation; smart waste factory

1. Introduction

ReWaste4.0 is a long-term oriented, innovative as well as cooperative K-Project (note:
the Competence Centres for Excellent Technologies (COMET) programme is a national
funding line of the Austrian Research Promotion Agency (FFG) that aims to carry out high-
quality research in science–industry collaboration [1]) at the highest scientific, technical
and economic level with two partners from science and eight from industry each. The
overall innovative objective for the first time is to investigate and partially implement the
new approaches of the “Industry 4.0” (i.e., digital networking, communication between
waste quality and plant performance, dynamic process control and optimization and
others). This innovative development of waste treatment of non-hazardous mixed waste
will transform the branch towards a circular economy and enable high-quality recycling
and recovery processes. Through ReWaste4.0 the experimental data-based development
of waste treatment plants into the so-called “smart waste factory” will be supported. At a
material level, the focus is set on the treatment of non-hazardous mixed waste (i.e., mixed
municipal and mixed commercial waste as well as selected non-hazardous mixed fractions
declared as the “output” of mechanical treatment processes like Solid Recovered Fuels
(SRF) that are utilized in cement industry). ReWaste4.0 consists of one comprehensive
strategic project and two scientific–technical areas with six subordinated specific projects
and connected by the before mentioned approaches of the Industry 4.0, see Figure 1 [2].

At the time of the project application development (i.e., in 2016), the European Com-
mission had presented an ambitious new Circular Economy Package (on 2 December 2015)
including a proposal for recycling targets for municipal (65% by 2030) and packaging waste
(75% by 2030) [3].

Processes 2021, 9, 764. https://doi.org/10.3390/pr9050764 https://www.mdpi.com/journal/processes5
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Figure 1. Holistic approach of ReWaste4.0—interdependencies of the strategic project and both areas connected by the
approaches of Industry 4.0 [2].

In the meantime, the most important action in European waste management was the
adoption of the Circular Economy Package that came into force in 2018 [4]. The revised
legislative framework on waste entered into force in July 2018 and, among others, it sets
clear targets for selected waste, namely:

• 65% recycling of municipal waste by 2035;
• 70% recycling of packaging waste by 2030.

The dynamic change in the performance of municipal waste management for the EU
28 and the development needed to meet the recycling rates set by the circular economy
package 2018 are shown in Figure 2.

Figure 2. Left: development of municipal waste management in the EU 28 from 1995 to 2017 with the forecasts (linear
extrapolation, and potential development towards the minimum requirements of the new circular economy package) until
2035. Right: required development to meet the recycling targets [5], modified from [6].

Next, in 2019, the European Green Deal [7] was published. It is a roadmap for making
the EU’s economy sustainable. Climate change and environmental degradation are an
existential threat to Europe and the world. To overcome these challenges, Europe needs
a new growth strategy that transforms the Union into a modern, resource-efficient and
competitive economy where:

• there are no net emissions of greenhouse gases by 2050;
• economic growth is decoupled from resource use;

6
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• no person and no place are left behind.

1.1. Municipal and Commercial Waste Management

Worldwide, 2.01 billion tons of municipal solid waste (MSW) from residential, com-
mercial, and institutional origins were generated in 2016. This number is expected to
increase substantially to 3.4 billion tons by 2050 [8].

In EU28, approximately 252 million tons of municipal waste were generated in 2018,
i.e., 491 kg/capita and 47% of it was recycled [9]. Weißenbach et al. [10] report that
an additional recycling potential of about 46.3 million tons of municipal waste by 2040
is available.

In Austria, on a federal level, there is no specific legislation on mixed commercial
waste (MCW). The term “commercial waste” is not defined, neither in federal nor in
provincial legislation. In the Austrian waste catalogue, ÖNORM S 2100 [11] based on Waste
Catalogue Ordinance) commercial waste is assigned to waste group 91 “Solid municipal
waste, including similar commercial waste”. A clear definition of MCW is given, for
example, in Germany that has stipulated the Commercial Waste Regulation [12]. There,
MCW is a non-municipal residual waste that is not collected separately, such as office
waste, industrial waste, for example. Typical MCW can be characterized by low moisture
content, high calorific value, low organic content, and high content of recyclables [13,14].
Owing to its energetically usable calorific value higher than that of mixed municipal waste,
it is used to produce SRF [15–18]. The composition of MCW varies widely and depends
on the industry in which it is generated [14]. Weißenbach [13] gives aggregated results of
MCW sorting analyses in 2018 and 2019, see Table 1.

Table 1. Results on composition of mixed commercial waste from investigations made by
Weißenbach [13] performed in 2018 and 2019.

Material Fraction Weight Percent (%)

Site 1
(2 Experiments)

Site 2
(2 Experiments)

Plastics 19.1 16.2
Paper/cardboard 16.8 12.0

Metals 4.3 4.0
Wood 7.1 9.8
Inert 4.3

58.0Textiles 3.6
Others 44.7
Total 99.9 100.0

The definition of mixed municipal waste (MMW), that is relevant for this paper
is given in § 2, number 4, point 2 of the Austrian Waste Management Act 2002 [19].
There unprocessed mixed municipal waste is “waste from private households and other waste
which, because of its nature or composition, is similar to waste from private households; the
classification shall take into account the European Waste List as defined in Article 7 of Directive
2008/98/EC on waste. Mixed municipal waste within the meaning of the European Waste List shall
continue to be regarded as mixed municipal waste even if it has undergone a treatment process
which has not significantly altered its properties.” In contrast to MCW, MMW has a higher
content of moisture, lower calorific value, higher organic content and quite lower recyclable
content [20]. The composition of MMW depends on various factors including the available
waste collection system, the socioeconomic structure of the population and/or the situation
of urban or rural households.

The Federal Waste Management Plan (FWMP) of Austria provides extensive informa-
tion on treatment plants as well as data on the composition of MMW and the contained
share of potential recyclables for 2018, see Table 2 [21].
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Table 2. Composition of mixed municipal waste and the contained share of recyclables in Austria for the year 2018 [21].

Material Fraction
Share
(in %)

Sub-Total
(in %)

Recyclable Quantity
(in t)

Plastic—packaging 7.10
17.58 256,455Other light packaging 1.10

Plastic—no packaging 9.38
Biowaste (incl. not avoidable food waste) 1.31

17.81Avoidable or partly avoidable food waste 16.50
Paper and cardboard—packaging 2.20

13.96 203,647Paper and cardboard—no packaging 11.76
Sanitary products 9.64 9.64

Textiles 7.79
9.79Shoes 2.00

Inert 5.86 5.86
Glass—packaging 3.80

4.86 70,897Glass—no packaging 1.06
Metal—packaging 2.50

4.70 59,373Metal—no packaging 2.20
Other waste 4.01

5.71Wood—no packaging 1.70
WEEE 0.77

1.54Batteries, incl. accumulators n.d.
Hazardous household waste 0.77

Others (not identifiable) 8.55 8.55
Total 100.00 100.00 590,372

The shares of the potentially recyclable materials: plastic, paper/cardboard, glass
and metal add up to 41.1%, equalling a total of 590,372 tonnes in 2018. Experience shows,
however, that a lot of these materials cannot actually be recycled because of their low
quality (e.g., contamination with dust, biodegradables, or moisture) [13]. According to the
FWMP [21] mixed waste (MMW and MCW) and mixed outputs from treatment plants for
source separated fractions like paper/cardboard, or plastics are treated in mechanical and
mechanical–biological treatment plants and, there, SRF and other outputs are produced.
The second option for treating of mixed waste is energy recovery in waste-to-energy plants.

As shown in Tables 1 and 2, a large amount of plastic is still available in mixed
municipal and commercial waste as well as SRF and therefore it represents an important
potential for further recycling processes.

1.2. Plastics and Their Importance in the EU

The European strategy for plastics [22] intends to transform the linear (make–use–
dispose) economy of plastics into a more circular, resource-efficient system. Various
policies have been put in place to achieve this goal:, e.g., banning certain single-use plastic
products, limiting lightweight plastic bags or creating quality standards for secondary
plastics. Among others, mandatory recycling rates for plastic packaging (i.e., 50% by 2025
and 55% by 2030) were introduced. In order to achieve these ambitious recycling targets,
the recycling of separately collected plastic packaging is not enough. Plastics must also be
recovered from other waste streams. Due to the high volume of waste and the high unused
plastics content, MCW and MMW would be suitable for this [20].

1.3. Digitalisation in the Waste Management Sector

In order to have a common understanding of used definitions, acc. to Tschandl et al. [23]:

“Digitalisation” generally describes the integration of digital technologies into everyday
life. This integration is called “Industry 4.0” because it embodies the fourth industrial
revolution. The English term is “Internet of Things” (IoT) and is divided into two parts:
“Industrial Internet of Things” and “Consumer Internet of Things”.
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Then, Tschandl et al. [23] show that no uniform definition for the term “Industry 4.0”
has yet been established. However, the different definitions can be used to derive the
following general definition:

“Industry 4.0 describes the widespread introduction of information and communication
technology (ICT) as well as its connection to an Internet of Things, Services and Data
with the goal of real-time control of production and value chain networks”.

Next, Tschandl et al. [23] summarize the term “smart factory” as follows:

“Individual companies or corporate groups that use ICT for product development, pro-
duction, logistics and interface coordination with customers in order to respond more
flexibly to incoming requests. A smart factory masters complexity, is less disruptive and
enables a more efficient production. The communication between people, machines and
resources is self-evident and comparable to a social network.”

Curtis and Sarc [24] as well as Sarc et al. [25] have introduced the term “Smart Waste
Factory Network” (SWFN) that is part of the ReWaste4.0 project and defined as follows:

“The SWFN4.0 describes a system consisting of several waste treatment plants, which
perform different tasks in the waste management system and are interconnected via
data streams and logistics systems (e.g., sorting plants, production plants for Solid
Recovered Fuels, etc.). The individual processes and machines within the plants as well
as the individual plants are digitally connected with each other. This connection of the
individual machines and systems and the real-time analysis of the waste streams enable
dynamic process control and various actuator systems actively intervene in the processes.
In addition, people can cooperate interactively with the technology around them.”

To define the state of the art of digitalization on the waste management sector,
Sarc et al. [25] gathered relevant contributions in literature via databases with the following
relevant search terms (keywords): “digitalisation”, “robotics”, “smart waste”, “smart fac-
tory”, “industry 4.0”, “internet of things”, “waste management” and “circular economy”.
These search terms were used individually and in all possible combinations for the search.
For the evaluation of the results of this scientific contribution, relevant publications could
be found over the period from 2001 to 2019, although the majority are from the last three
years (2017 to 2019), see Figure 3. In addition, detailed research has been conducted on
existing technologies in the environmental field, with a focus on waste management [25].

Figure 3. Number of reviewed literature sources by type, assigned to peer-reviewed or non-peer-reviewed papers over the
years 2001–2019 [25].

A total of 115 literature sources could be utilized. It should be noted that only sources
with content relevant for waste management were considered in the graphics, resulting in
a total of 85 relevant literature sources. In addition, legal regulations were used for drafting
the contribution, which are not considered in the illustrations shown. The results show
that the topics digitalization and intelligent robotics in waste management, have yet not
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intensively been discussed in peer-reviewed papers and most of the information comes
from technology- and platform-manufacturers (websites, brochures and others) [25].

Sarc et al. [25] report that “Big Data” is a fundamental element of digitalization and
already a valuable raw material for many industries. In combination with “Artificial
Intelligence” (AI), it is possible to structure, analyze, evaluate and use large amounts of
data as a basis for software programs that can generate new (or extended) knowledge
together with the aspects of “Machine Learning” as a part of AI. From this, future forecasts
can be derived as well as used in optimization measures. Often “Deep Learning” is used,
which is based on the human brain and uses artificial neural networks to mimic the learning
processes of humans. This makes it possible to use data volumes meaningfully across the
entire value chain (see Figure 4).

Figure 4. Digitalization along the value chain [26].

Abdallah et al. [27] have extensively investigated artificial intelligence (AI) applica-
tions in solid waste management and have found similar conclusions as Sarc et al. [25].
Abdallah et al. [27] report that MATLAB was the most common simulation software tool
utilized in the waste sector. Next, Abdallah et al. [27] conclude that Artificial Intelligence-
based solid waste management systems are still mostly in the research and development
phase. Additionally, the most important limitations or challenges in waste management
are, among others, insufficient amounts of data and its quality as well as the slow shift
of waste management business entities in adapting towards the utilization of artificial
intelligence versus traditional methods.

Finally, to simulate or carry out digital processes in waste management plants, large
amounts of high-quality real, online/ontime data are needed as a basis. These data were
gained within ReWaste4.0 based on practical, experimental as well as large scale tests in
waste treatment plants.

As described, ReWaste4.0 is mainly focused on the treatment of mixed waste by
applying Industry 4.0 approaches and the main focus of the present review-article is set on
three categories of investigated topics:

1. Contaminants in mixed waste and technical possibilities for their reduction as well
as removal;

2. Secondary raw and energy materials in mixed waste;
3. Digitalization in waste characterization and treatment processes for mixed waste.

Finally, the objective of the present review article is to summarize, link and discuss
the main topics and results of the K-project and to discuss the main findings and their
relevance as well as importance for further development of waste treatment sector. The
review is executed mainly based on the peer-reviewed papers that have been published
within the project.
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2. Materials and Methods

A literature review mainly based on the peer-reviewed publications and selected
conference contributions published within the project ReWaste4.0 (time period: 2017–2021)
was carried out to focus on and discuss selected important results and findings of four years
of cooperative research and development. Additionally, certain conference proceedings
and peer reviewed papers not originating from ReWaste4.0, but with relevant information
and impact on the topics of ReWaste4.0, were considered too.

3. Results and Discussion

As shown before, mixed waste such as Mixed Municipal Waste (MMW) and Mixed
Commercial Waste (MCW) are the focus of research and development within the Re-
Waste4.0 project. Knowledge on the properties of such waste that serves as an input
for mechanical waste treatment plants, however, is important for defining the number
and processing depth of the required treatment steps as well as assessing the feasibly
achievable quality of the output fractions. In order to characterize waste (plant’s input
and output) and to determine important parameters, e.g., heavy metal contents, material
composition, or the mass share of valuable materials, sampling is still unavoidable for the
state of the art. The main criterium that needs to be fulfilled by a sampling procedure is
representativeness. With increasing material heterogeneity and particle sizes (note: they are
large for MMW and MCW), more elaborated sampling procedures are required. Sampling
procedures shall therefore follow the principles of the theory of sampling (TOS), which is
an integral component of many internationally recognized waste sampling standards (e.g.,
EN15442:2011) [28,29].

Khodier et al. [30] and Viczek et al. [31] have determined the relative sampling vari-
ability (RSV) for material classes and chemical elements in different particle size classes
of coarsely shredded MCW with a replication experiment. A total of 10 representative
samples were taken and screened to yield 9 particle size classes. RSVs for material classes
in different particle size classes ranged up to 231%, while RSVs for chemical elements
ranged up to 203.5%. The RSVs for different chemical elements are depicted in Figure 5
and show that higher RSVs are tendentially observed for chemical elements with a higher
constitutional heterogeneity, i.e., elements that occur in largely different concentrations
in different particles. In general, far better RSVs were achieved when calculated for the
original, mixed waste stream instead of the nine particle size classes.

Figure 5. Relative sampling variabilities (RSV) for different elements, lower heating value (LHV), ash content, and hard
impurities (IMP) in different particle size classes. The solid grey line represents RSVs calculated for the whole waste mix,
i.e., for the united particle size fractions [31].
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The procedure for sampling and analysis, which was elaborated and evaluated in
these publications almost completely eliminates incorrect sampling errors and suggests
that grouping and segregation errors causing distributional heterogeneity significantly
influence the results. Consequently, increasing the number of increments taken to reach the
target sample mass is expected to have a larger beneficial effect than increasing the mass of
the composite sample, which advantageously does not affect the efforts for analyzing the
composite sample [30,32]).

Furthermore, Viczek et al. [31] combined the results obtained for the material com-
position and chemical analyses to assess whether a mathematical relationship between
these parameters can be derived. A preliminary modeling approach shows that it may
be possible to predict most element concentrations based on the material composition of
MCW, which may be promising for quality assurance in MCW treatment plants, e.g., SRF
and other waste fuel production plants.

Despite the mentioned challenges when dealing with coarse and heterogenous waste
like MCW, MMW and SRF, high-quality and representative results have been obtained and
are presented in the following chapters.

3.1. Contaminants in Mixed Waste and Technical Possibilities for Their Reduction as Well
as Removal

Contaminants play an important role for all waste treatment options, independent of
the classification of treatment process as recovery (R) or disposal (D) operations according
to the EU [33]. For the Austrian SRF industry, especially As, Cd, Co, Cr, Hg, Ni, Pb, Sb and
Cl are relevant due to legal limit values [34] or technical requirements [35]. Viczek et al. [36]
have identified the material fractions or products ending up in MCW or MMW that carry
significant amounts of the above-mentioned nine elements, i.e., contaminant carriers. Their
review showed that contaminant carriers in MCW and MSW are highly versatile. With
respect to the Austrian situation, relevant contaminant carriers include PVC (Cl, Cd, Sb,
Pb), flame-retardant plastics or textiles (Sb), rubber (Sb, Cl), glass (As, Co, Pb, Ni), leather
(Sb, Cr), specific wood (As, Pb, Hg, Ni), electronic equipment and batteries (As, Cd, Cl, Cr,
Co, Pb, Hg, Ni), shoes (Cd, Cl, Cr, Pb), or metals (Cr, Co, Pb, Ni). As many of these elements
(Cd, Sb, Cr, Co, Pb) are used as pigments for ceramics or plastics, these products can be
contaminant carriers as well. Furthermore, the literature review of [36] often identified
the fine fraction with different particle sizes as important contaminant carriers for various
elements, e.g., Pb, Hg, or Ni. This indicates that the relevant contaminants are not only
enriched in specific materials, but also in specific particle size classes, which is why the
distribution of various chemical elements among different particle size fractions of MCW
was investigated [37].

Based on their particle size-dependent distribution, Viczek et al. [37] divided different
elements into three groups:

• A: Negative linear correlation—higher concentrations in smaller particle size classes,
• B: No linear correlation—low concentration in smallest and largest particle size classes,
• C: Positive linear correlation—higher concentrations in medium to large particle

size classes.

While As, Cr, Co, Pb, Hg and Ni belong to group A, Cd belongs to group B, and Cl, Sb,
as well as the LHV were assigned to group C. This implies that these elements influence
the output of a waste processing plant into different extents depending on the design of
the process. The patterns for Hg and the LHV are depicted in Figures 6 and 7, respectively.
Similar findings were also reported by Curtis et al. [38] who investigated four particle size
classes of different samples of MCW and compared the concentrations in these particle size
classes to the limit values of the Austrian WIO [34].
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Figure 6. Concentrations of Hg in different particle size classes of mixed commercial waste and
contribution of each particle size fraction to the total Hg load [37].

Figure 7. Lower heating value of different particle size classes of mixed commercial waste and
contribution of each particle size fraction to the total LHV [37].

The results for the LHV, Cl, and Sb reflect the fact that plastics (which are rich in LHV
and often contain Cl and Sb) are rather present in large particle size fractions, while smaller
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particle size fractions rather contain larger amounts of biogenic or inorganic materials.
Generally, Cl, Sb, and the LHV showed negative correlations with most other elements,
while being positively correlated with each other. Furthermore, a strong positive correlation
was observed for Cr and Ni, which are typical constituents of metal alloys.

The reported results on contaminants in different particle sizes from Viczek et al. [37]
indicated that screening can be a suitable technique to (technically simply and financially
reasonably) remove relatively large amounts of contaminants from the waste stream.
Calculations showed that a theoretical removal of the fine fraction <5 mm or <10 mm
results in significant decreases in the concentrations of Hg, Co, Ni, As, Cr, and Pb, but the
Cd, Sb, and Cl concentration in the remaining waste is increased (Figure 8). However, this
effect is compensated by the increasing LHV if the concentrations are considered in mg/MJ.
As Cd, Sb, and Cl frequently occur in plastics, a combination of screening and targeted NIR
sorting seemed to be a promising approach to decrease the concentrations of all relevant
contaminants, which was tested by Viczek et al. [39].

Figure 8. Effect of the removal of the fine fraction <5 mm (a) and <10 mm (b) on analyte concentrations in mg/kgDM and
mg/MJ [40].

As noted before, the experimental investigations of Viczek et al. [39] demonstrated
that a combination of screening with NIR sorting can decrease the Sb, Cl, and Cd content
in the remaining waste stream. Especially the removal of the PVC fraction in combination
with removing the fine fraction, e.g., <20 mm, can give good results with respect to the
analytes. The removal of PET, in comparison, had rather low effects on the contaminant
concentrations in the remaining waste stream. Removing PET and PVC, but not removing
the fine fraction, in contrast, can result in an increase in the concentrations of some contam-
inants. Another fraction that contained large amounts of Cl, Sb, and Co were black and
grey materials, but they cannot be identified or detected with conventional NIR sorters
working in the range of 900–1700 nm. However, other technologies that may be able to
remove these materials exist, and these materials require more attention and research in
future [39].

However, while the quality of the screen overflow is increased concerning several
parameters, the screen underflow represents a waste fraction with poor quality and a
low LHV, exceeding selected limit values, e.g., those for SRF defined by the Austrian
WIO [34]. Nevertheless, at the same time, it contains mineral matter that can substitute
primary raw materials and be recycled in the cement industry (see Section 3.2), which
leads to a so-called “conflict of interests” between environmental protection and resource
conservation/utilization.

In conclusion, contaminants frequently occur in a broad range of products and there-
fore waste management needs to deal with them on a daily basis. For this reason, existing,
arising and future recycling concepts, e.g., chemical recycling, need to enable high recycling
rates while also providing quality oriented and assured recycling.
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3.2. Secondary Raw and Energy Materials in Mixed Waste

Here, the focus is given to plastics and SRF as well as their co-processing, mainly in
the clinker production process of the cement industry.

3.2.1. Plastics

The content of plastics in MMW and MCW acc. to Weißenbach et al. [14] and Möllnitz
et al. [20] is about 15% for MMW and between 15% and 23% for MCW. Both types of
waste are treated in splitting plants or mechanical–biological plants for, among others,
the production of SRF or in thermal plants (with and without energy utilization) (note:
in selected EU countries including Austria, direct landfilling of untreated MMW and
MCW is legally forbidden). For a further, more efficient, recovery of the plastics contained
in these wastes, it is necessary to know and understand in which geometric dimension
(two-dimensional/three-dimensional) and in which particle size range they are present
after pre-shredding—which is usually the first processing step in mechanical processing,
targeting the comminution and liberation of waste particles according to Khodier et al. [41].

The investigations on total composition of plastic content of MMW and MCW after
pre-shredding and screening of fine fraction have shown that a screen cut at 20 mm removes
about one third (MCW: 33%; MMW: 37%) of the total material after pre-shredding. This
fine fraction has a high inert, contaminant and organic content [20,36] and is therefore
unsuitable for plastics recovery.

The results given in Figure 9 show that MCW has a twice as high plastics-3D content
as MMW. The plastics-2D content (e.g., foils), on the other hand, is similar in both mixed
waste types. A particle size dependence of the dimensionality of the plastic particles can
also be seen for both wastes: the share of 3D particles is higher in small particle size classes,
while in large size classes more 2D-plastics are found. This information is relevant for
treating the waste stream in a targeted and efficient way and to be able to separate the
desired fraction at the proper process step. For further processing, the particle shape is also
of high importance for the separation and sorting success and the associated purity of the
targeted fraction (e.g., flight behaviour of films in NIR-sorting) [20].

Figure 9. Content of plastics-2D and plastics-3D in mixed commercial waste (a) and mixed municipal waste (b) in different
particle sizes [20].

Figure 10 shows the results of the sensor-based sorting by NIR of each individual
particle size class into its plastic types and remaining components using MCW as an exam-
ple [20]. The results show that certain types of plastics are more common in distinct particle
size classes than in others and that this is also dimensionality dependent. This information
is important for further increasing the purity of extracted plastics by efficiently routing
those material flows that have high concentrations of plastics or specific plastic types.
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Figure 10. Particle size distribution in investigated material types for plastics-2D (a) and plastics-3D (b) normalized to 100%
for mixed commercial waste [20].

The presented results clearly show that there is a high, as yet unused potential of
plastics in the two mixed waste types investigated. For the efficient recovery of certain
types of plastics, early screening of the fine fraction after pre-shredding makes sense in
order to remove contaminants and impurities (see also Möllnitz et al. [42]). A targeted
material flow division according to dimensionality (e.g., using a ballistic separator as it
is proposed by Möllnitz et al. [42]) as well as further screen classifications into specific
particle size classes are necessary to achieve the targeted concentration of plastics and to
make sensible use of plant capacities. In order to be able to implement this processing
step in a real waste processing plant, it is therefore necessary to know the respective waste
in detail.

The plastic concentrates produced in the waste sorting plants usually still have a
high amount of impurities and contaminants. These can be of organic (e.g., other plastics,
adhering oils or fats) or inorganic (e.g., metallic coatings) origin [43]. In order to meet the
quality requirements of the recycler for the flakes and those of the plastics processor for
the granulate produced, subsequent wet processing at the plastics recycler site is usually
necessary [44]. A benchmark analysis [44] was carried out with data from experts and
stakeholders in Austria and Germany to determine the correlation between different quality
features and how they affect the pricing policy for recyclates. Several quality assurance
measures are carried out along the value chain from plastic waste to final plastic products.
The most important quality assurance parameters and how they (would) affect prices
of recyclates were investigated. Friedrich et al. [44] report that pricing correlates with
different quality parameters such as degree of mixing, degree of degradation and presence
of impurities and contaminants and that the origin of waste affects the assessment of the
sorted plastic waste quality. Next, the physical, rheological and mechanical properties of
the recyclates are of great interest and the following characteristics were analyzed in the
course of a random sample inspection:

1. physical properties like density determination;
2. rheological properties like melt-mass flow rate;
3. mechanical properties like tensile properties, especially modulus of elasticity and

notch impact strength.

Frequently, further parameters of the recyclates are determined. These include [44]:

• melting temperature;
• colour distribution and colour composition;
• size and form of the granulated material (e.g., lenses, cylinder);
• moisture content;
• filtration fineness;
• ash content;
• heavy metal content.
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To investigate plastics from MMW and MCW regarding the aforementioned require-
ments, the processability of different polymer fractions from mixed waste was exam-
ined and the determination of material properties for recycling was carried out by Möll-
nitz et al. [45]. For the investigations, commercially available SRF and two mixed polyolefin
(PO) fractions (polyethylene—PE and polypropylene—PP) obtained from MMW and MCW
treatment processes were used. In addition to a different processing depth (washed and
unwashed) of the inputs, the focus of the investigations was the processability of the
recovered plastic types (PE, PP, polyethylene terephthalate (PET), polystyrene (PS) see
Figure 11) and plastic mixtures (PO and SRF) in a compression molding process (with and
without previous homogenization in an extruder) and their characterization regarding the
following parameters:

• Thermal properties: determination of the crystallization temperature (TC) with the re-
spective crystallization enthalpy (ΔHC), melting temperatures (Tm1 and Tm2) with the
respective melting enthalpy (ΔHm1 and ΔHm2), and the glass transition temperature
(Tg) with differencial scanning calorimetry (DSC);

• Mechanical properties: impact strength and notched impact strength, tensile test
(Young’s modulus (E), tensile strengths (σM), elongations at break (εB)), bulk density
of flakes after shredding and granulate after extrusion, determination of ash content;

• Rheological properties: melt flow rate (MFR) [45].

Figure 11. Exemplary photos of plastic types sorted with NIR: PE—(A); PP—(B); PET—(C); PS—(D);
and others—(E) [45].

The main results of the investigations in Möllnitz et al. [45] are: except for PET, all plas-
tic types and mixtures were processable (extrudable and/or compressible). Both the flakes
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and granulates showed good feeding and conveying behavior. The thermal properties were
generally good and indicate little material damage but organic impurities present. The
heating and cooling curves were particularly reproducible for the heterogeneous materials.
The results of the mechanical properties show a clear material embrittlement due to existing
impurities (especially for the PS materials). Furthermore, it was found that washing does
not always lead to a significant improvement of the mechanical properties. It could also be
shown that sorting into certain plastic types, such as PE and PP, is not necessary for certain
applications, as the PO and mixed plastic fractions investigated have a good mechanical
property profile.

Regarding processability of the mixed waste (MCW and MMW) with focus on plastics
recovery, the following technologies were investigated and the results were obtained:

1. Dry mechanical waste treatment with pre-screening prior further processing by ballis-
tic separation and sensor-based sorting for generation of a 3D plastics pre-concentrates
for recycling [42].

Large-scale experiments with mobile machines were conducted to investigate the
influence of an upstream drum screen on the downstream process and sorting quality
of 3D-plastics when processing MCW and MMW. For each input waste, two tests were
carried out with and without a drum screen. A mass balance was determined for each test
run and the screening efficiencies (drum screen and ballistic separator) were calculated.
All generated outputs were sampled and subjected to an extensive screening and sorting
analyses. The main results of the investigations in [42] are:

The mass balances (see Figure 12) show that for both wastes, a slightly increased 3D
yield (2–5%) with a simultaneously reduced 2D yield (approx. −20%) due to upstream
drum screening on the ballistic separator result were produced. Pre-screening (doubling
the active screen area) improved the overall screening efficiency up to 0.99 and increased
the total fines yield (<80 mm) by 10–15%. In addition, it was found that the combination
of selective comminution and pre-screening resulted in the screen fines having a higher
contaminant, inert and organic content per lower calorific value than the ballistic separator
fines [31]. The ballistic separator fines consisted of more near mesh size particles of plastics
and other valuable materials with higher calorific value. As Möllnitz et al. [20] show, this
particle size fraction still has a considerable plastics potential and could be used for plastics
recovery for recycling or SRF production.

Figure 12. Mass balance for test run 1 with mixed commercial waste [42].

The manual sorting analyses of the 2D fractions show a reduction in inert (up to
−50%) and fines (<80 mm) (up to −75%) by pre-screening. Especially in the test runs with
MCW, tail formations were observed in the drum screen, which led to material losses, false
discharge into the 2D-fraction and plant downtimes. The manual sorting analyses of 3D
fractions show a very low amount of 2D and fines. This confirms the optimum operation
type for producing a 3D fraction with high purity. Applied pre-screening improves the
NIR-sorting efficiency (yield) of 3D fraction by 6%, see Figure 13.

2. Wet mechanical processing of plastic rich 2D-fractions with a focus on polyolefins
(POs) from mixed waste for chemical recycling [46]:
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Figure 13. Effects of pre-screening on purity (a) and yield (b) of the 3D-plastics out of the 3D-fraction from the ballistic
separator of the investigated mixed commercial waste [42].

The potential and applicability of a dry-mechanical (materials from investigations
presented in Möllnitz et al. [46]) and subsequently wet-mechanical processing with the aim
of generating a PO concentrate for chemical recycling purposes was assessed. The focus
of the investigation was the wet density separation by using a centrifugal force separator
(CFS) [47] as the core element of the wet-mechanical process. The fed material is separated
according to its density in the separation medium water in a feed-related air/water vortex
and discharged as heavy and light material. The light fraction out of the first run was
fed into the centrifugal force separator (CFS) once again, simulating a cascade connection
of two CFS plants to achieve a further concentration of the POs. The required process
water circulated throughout the entire experiment and was only replaced by freshwater
when the material was changed. The process water was collected and decoupled from
the treatment line and fed to a static drum filter to separate the liquid and solid phases.
The mass balances for both input materials and both test runs were calculated. The input
material, all output materials (light and heavy fractions, sediment) and the process waters
were sampled and chemically and physically characterized to estimate potential treatment
or recycling paths.

For an evaluation of the suitability of the PO-fraction (light fraction two-LF II) pro-
duced as input material for the thermochemical conversion process (ReOil process), the
measured values were compared with the quality limit values in Table 3. The specified
particle size and bulk density range were achieved through targeted pre-treatment for both
waste fractions. The limit value for the moisture content was not met as only one linear
vibrating screen was available. The limit values for the calorific value and the chlorine
content were met for both waste fractions. The required content of PE, PP, PS is also met for
both waste fractions within the assumption made. Since the total contaminants contained in
both fractions exceed 3%, compliance with the required limit values for polymer impurities,
inorganic and organic contaminants is not guaranteed.

In summary, all the results from this chapter show that the recovery, treatment, and
processing of plastics from non-hazardous, mixed, solid waste for mechanical or chemical
recycling is possible. By transferring these plastics from thermal treatment to recycling
purposes, an important contribution is made for achieving the recycling targets, resource
conservation, and reducing greenhouse gases and waste.

3.2.2. Solid Recovered Fuels (SRF)

SRF has been defined by the CEN/TC343 in the standard EN 15359:2011 [49] as fuel
that fulfils following four criteria:

1. It is solid fuel;
2. It is prepared from non-hazardous waste only;
3. It is to be utilized for energy recovery in incineration or co-incineration plants;
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4. It must meet certain quality criteria (i.e., lower heating value (expressed as mean),
chlorine content (expressed as mean) and mercury content (expressed as median and
80th percentile value) and to be allocated in one of total five classes depending on the
measured values for each mentioned parameter.

Table 3. Comparison of the measured values with the quality requirements for the ReOil process (MMW: mixed municipal
waste, MCW: mixed commercial waste, CFS: centrifugal force separator) [46].

Parameter ReOil-Process [48] LF II MCW LF II MMW Comments

Particle size
(mm) <30–40 <20 <20 required particle size for CFS

processing.

Bulk density
(kg m−3

DM)
50–100

(mainly 2D-objects) approx. 80 approx. 60 was determined in [46].

Moisture content
(%) <20 49.5 67.1 additional dewatering

equipment is required.

Calorific value
(MJ kg−1)DM

>30 38.3 35.1

Chlorine content
(%)DM

<2 0.2 0.47

PP, PE, and PS content
(%) >90 95.8 94.9 assumption that the LFII

consists only of PE, PP and PS.

Polymer impurities
(%)DM

PET: ≤3;
PVC: ≤2

4.2 5.1 total contamination content.
Inorganic contaminants

(%)DM
≤3

Organic contaminants
(%)DM

≤5

In Austria, SRF is defined as “ . . . waste that is used entirely or to a relevant extent for
the purpose of energy generation and which satisfies the quality criteria laid down . . . ” [34,50].
Quality criteria that are limits for antimony, arsenic, lead, cadmium, chromium, cobalt,
nickel and mercury and are expressed as amount per energy content (i.e., pollutant content
per net calorific value related to dry matter—mg/MJDM) [34].

Sarc et al. [15–18] and Lorber et al. [35] report that the production, quality and quality
assurance as well as utilization of SRF in the cement industry has become state of the art
and even thermal substitution rates of up to 100% [51] can be technically reached. The data
for 28 years (1998–2018) on the average thermal substitution rate (TSR) of SRF in the cement
industry in different countries, the EU and worldwide show very positive and dynamic
development [29,52], see Figure 14. As shown for 2018, the following TSR were reached:
worldwide 18.5%, in the EU28 47.7% and in selected countries like Germany (68.6%) and
Austria (81.1%).

Sarc et al. [17] report regarding two main types of SRF for the cement industry, namely,
SRF PREMIUM Quality and SRF MEDIUM Quality and Viczek et al. [53] additionally give
the definition of these two types as follows:

• SRF for secondary firing (SRF “secondary”): SRF with a lower heating value between 12 and
18 MJ/kgOS (corresponding to class NCV 3 or 4 in EN 15359) suitable for the use in secondary
firing (calciner, kiln inlet, or hot disc combustion chamber, etc.) in the kiln system of cement
manufacturing plants. Particle sizes can range up to 80 mm when used in a calciner or at the
kiln inlet and up to 300 mm for a hot disc combustion chamber.

• SRF for primary firing (SRF “primary”): SRF with a lower heating value between 18 and
25 MJ/kgOS (corresponding to class NCV 1, 2, or 3 in EN 15359), and particle sizes below
30 (35) mm suitable for the use as a main burner fuel in the rotary kiln of cement manufactur-
ing plants.
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Figure 14. Development of the thermal substitution rate (in %) of SRF in the cement industry in different countries, the EU,
and worldwide for the time period 1990–2018 [29,52].

Sarc et al. [17] extensively report the chemical–physical quality of SRF “secondary”
and SRF “primary” currently available on the middle European market and conclude
that SRF coming from multi-stage waste processing plants fulfil the Austrian legal and
international SRF and co-incineration market requirements. On one side, SRF contributes
to the energy production in the clinker process and, on the other side, as its ash can
provide selected secondary raw materials for the production of clinker, SRF can be seen as
“co-processed” in the cement industry. Co-processing is a term that comprises industrial
processes that simultaneously enable energy recovery and recycling of the constituents [53].

3.2.3. Co-Processing of SRF–Ash Constituents of SRF as a Valuable Secondary
Raw Material

The main raw materials required for the production of cement clinker are CaO, SiO2,
Al2O3, and Fe2O3. A typical composition of raw meal for production of Portland cement
clinker is: 77.36 wt% of CaCO3, 13.73 wt% of SiO2, 2.93 wt% of Al2O3, 1.84 wt% of Fe2O3,
1.83 wt% of MgO, 1.08 wt% of SO3, 0.85 wt% of K2O, 0.14 wt% of Na2O, 0.02 wt% of P2O5,
0.15 wt% of TiO2, 0.06 wt% of Cl and 0.01 wt% of ZnO [54]. A part of the required raw
materials can also be provided by SRF ash, which is incorporated into the clinker and
thereby recycled when SRF is co-processed in the cement industry.

To determine the material-recyclable share (R-index) of SRF, Aldrian et al. [55] have
developed and validated an analytical method for the determination of the ash composition
and have proposed a formula to calculate this R-index. Average ash composition (arithmetic
means) of SRF primary and SRF secondary is given in Figure 15. Different R-indices
are achieved when different element oxides are considered [53]: For example, when
considering only Al2O3, CaO, SiO2, and Fe2O3, R-indices of 13.9% (SRF secondary) or
13.3% (SRF primary) are achieved. When additionally, MgO, TiO2, K2O, Na2O and SO3
are considered, the R-indices rise to 16.2% for SRF secondary or 15.9% for SRF primary.
When the whole ash content is considered as recycled, the R-index amounts for 17.7% (SRF
secondary) and 17.6% (SRF primary).
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Figure 15. Average ash composition (arithmetic means) solid recovered fuel (SRF) primary (a) and secondary (b) in mass
percent dry mass [53].

The average SiO2: CaO: Fe2O3+Al2O3 ratio reported by Viczek et al. [53] is depicted
in Figure 16. On average, the share of SiO2 is slightly higher in SRF secondary than SRF
primary. Generally, the ratio of these element oxides in SRF ash is similar to lignite coal,
SRF primary is even closer to sewage sludge. However, the higher share of CaO shifts
many SRF samples closer to the desired ratio in clinker.

Figure 16. Ternary diagram illustrating the solid recovered fuel (SRF) ash composition of 80 investi-
gated SRF samples and their average composition compared with other relevant raw materials and
fuels [53].
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A more detailed analysis of the ash of different SRF fractions and specific material
fractions extracted from SRF, performed by Viczek et al. [56], shows that the highest
material-specific R-indices are achieved for the fine fraction <10 mm, composite materials,
or the sorting residue, see Figure 17. All these fractions are highly heterogeneous, and data
from other established recycling processes are not yet available.

Figure 17. Calculated R-Indices for solid recovered fuel (SRF) sorting fractions (left) and specific materials extracted from
SRF (right) for three scenarios considering different element oxides [56].

Consequently, when SRF is utilized in the clinker production of the cement industry,
not only is the energy recovered, but also minerals from SRF ash are recycled by being
incorporated into the cement clinker. This implies that the locally or regionally organized
recycling and thermal recovery of SRF in the cement industry, commonly referred to as SRF
co-processing, is a significant contribution of waste management for the globally producing
cement industry.

3.3. Digitalisation in Waste Characterization and Treatment Processes for Mixed Waste

As mentioned before, Sarc et al. [25] report that digitalization in the waste management
sector in comparison with other industrial sectors is still in its infancy. Nevertheless,
“Digitalisation” and “Industry 4.0” approaches are of high interest in waste management
and a survey carried out in 2017 shows that 63% of companies see digitalization as a chance
for their further development [57].

Here, selected results at different levels of digitalization are given, namely:

• Digitalization as a modern tool for innovative data-based development of smart
processes;

• Online–Ontime material particle characterization and quality assurance;
• Experimental monitoring of waste flows and machine performance in waste treat-

ment plants.

3.3.1. Digitalization as a Modern Tool for Innovative Data-Based Development of
Smart Processes

Real-time (smart) process control for waste processing plants—but also in general—
requires three fundamental elements (see Figure 18), according to Khodier [32]: “metrology
that measures the state and performance of the process, algorithms that calculate optimal factor
settings from the measurements, and actuators, like a shredders gap width, that function as change-
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able factors for influencing the process”. Due to the variety and complexity of waste as a
material, the issue of online-measuring material qualities is a highly relevant topic in
current research.

Figure 18. Trinity of real-time process control [32].

The mechanical treatment of mixed solid waste involves a variety of processing
machines, e.g., shredders, screens and magnetic separators. Understanding the influence
of their parameters (like the gap width of a coarse shredder) on the process is essential for
the optimized operation of the treatment plants—in terms of process properties, like the
throughput, but also concerning produced material qualities.

Nevertheless, waste processing machines are often tested and operated at fixed pa-
rameter settings, chosen by experience and intuition, without any physical or statistical
proof of optimality, as Khodier [32] points out for coarse-shredding. A main reason for this
unsatisfactory status quo is the complexity that is involved in reliable investigations on
mixed solid waste processing.

Khodier et al. [41] discuss that physics-based numerical studies are hardly usable for
investigations on the real-scale behavior of waste processing machines—the variability
of waste and the diversity of materials and shapes hardly allows collecting the necessary
information on the material to be processed. Therefore, while physical models are favorable
in terms of the detailed process insights they provide, alternatives are needed.

Empirical modeling is a useful approach for, nevertheless, drawing reliable conclu-
sions on mechanical treatment processes for mixed solid waste: a configurable set of
parameters is chosen as factors to be investigated, concerning their effects on a set of
chosen target values. Remaining parameters—like the composition of the waste, that
cannot be controlled in detail—are treated as distortion in the data. In the presence of
a sufficient amount of data, true effects become significant in a subsequent analysis of
variance (ANOVA) and can hence be distinguished from data noise and quantified with
corresponding confidence and prediction regions.

While empirical modeling itself is not novel, to the best of the author’s knowledge, no
industry-scale parameter studies on solid waste processing that comprehensively incor-
porate statistical analyses on significance were available when ReWaste4.0 started in 2017.
Potential reasons include the tremendous efforts involved in generating a sufficiently large
amount of real-scale data, the complexity of material analyses, that include considerations
on waste sampling, and the non-triviality of modeling non-scalar target values, i.e., particle
size distributions.

As a necessary precondition for generating the data to consider product qualities in
empirical models, Khodier et al. [30] established a procedure for sampling coarsely shred-
ded mixed commercial waste that comprehensively incorporates the theory of sampling,
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while referring to the Austrian standard ÖNORM S 2127 for the calculation of total sample
masses. Different to existing standards and literature, they did not only define and evaluate
the sampling procedure based on theory, but also empirically quantify sampling errors, by
comparing the shares of particle size-material fractions, determined from 10 samples of the
identical material in a so-called replication experiment. Their results obtained are shown
in Table 4. As can be seen, sampling errors are relatively low for the shares of the overall
particle size distribution and the overall material composition but become much higher as
the level of detail is increases—which decreases the shares of the analytes.

Table 4. Relative sampling variabilities (RSV) for various particle size classes and for the material classes metal (ME), wood
(WO), paper (PA), cardboard (CB), 2D plastics (2D), 3D plastics (3D), inert materials including glass (IN), textiles (TX), and a
residual fraction (RE) [30].

Particle Class
(mm)

ME (%) WO (%) PA (%) CB (%) 2D (%) 3D (%) IN (%) TX (%) RE (%) Sum (%)

0–5 - - - - - - - - 12.3 12.3
5–10 - - - - - - - - 12.3 12.3

10–20 - - - - - - - - 10.4 10.4
20–40 41.4 17.7 24.3 39.3 18.4 17.1 19.7 29.3 22.7 11.6
40–60 47.3 21.5 16.8 25.6 14.2 8.7 37.2 43.4 16.4 8.8
60–80 39.4 23.3 22.9 18.1 17.7 10.0 49.9 30.4 8.9 8.1

80–100 62.0 34.7 38.0 14.2 19.3 17.5 210.7 43.4 17.2 7.7
100–200 74.0 47.7 69.0 21.6 28.9 35.2 131.8 40.9 40.0 10.9
200–400 153.0 230.9 203.9 126.2 38.3 39.8 - 42.9 52.2 28.8

Sum 16.4 18.3 10.5 15.0 16.6 12.1 31.2 26.6 3.6 0.0
RSV < 20% 20% ≤ RSV < 50% RSV ≥ 50%

Conclusive evaluations, that consider calculations of theoretical sampling errors,
finally show that in the applied procedure, the so-called fundamental sampling error only
explains a small share of the sampling variability. The authors conclude that grouping and
segregation errors are likely to contribute a significant share—hence a higher number of
increments at an unchanged total sample mass is expected to increase sampling quality.

Sampling errors, but also inter-experimental differences in the waste, lead to a consid-
erable residual distortion of the data, when investigating influences of machine parameters.
Considering the high efforts and costs of real-scale waste processing experiments, methods
for increasing the efficiency of the data, in terms of extractable information per experimen-
tal run, are required. The publication of Khodier et al. [41] addresses this very interesting
topic: they empirically model the influences of coarse shredders’ radial gap width, shaft
rotation speed, and three different cutting tool geometries, based on a 32-run Design of
Experiments-based investigation, designed in consideration of a reduced cubic polynomial
design model.

Design of Experiments targets increasing the efficiency of the data. The work of
Khodier et al. [41] gives a general introduction into the method, while also discussing in
detail the choice of the chosen experimental design (a so-called D-optimal design) and the
design model. Their publication is hence an important reference as a “starting point” for
incorporating empirical modeling in mechanical waste processing investigations.

Besides the provided proof of the potential of their chosen methods, the referenced
work also provides quantitative conclusions on the influences of the described factors on
the throughput (in terms of mass and volume), the throughput steadiness (in terms of the
quotient of the 10th and 90th percentile mass flow and volume flow) and the specific energy
demand. The results for each factor—under average settings of the corresponding other
two factors—are shown in Figure 19, while the publication provides additional insights on
an interdependence of the influences of the gap width and cutting tool geometry.
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Figure 19. Effect plots with confidence bands for the influence of the gap width, shaft rotation speed, and cutting tool
geometry on throughput, throughput steadiness, and specific energy demand, at average settings of the respective other
factors [41].

Eventually, Khodier et al. [41] conclude that the cutting tool geometry is the factor with
the highest influence and cannot be compensated by the easily changeable settings of the
gap width and shaft rotation speed. Finally, they point out that an overall determination
of economic optimality must evaluate the effects of the modeled target values on the
(monetary) performance of the overall processing plant.

The modeled process properties must always be evaluated in combination with the
properties of the processed material: the particle size distribution of the waste is an essential
quality parameter of the processing product, and also influences the performance of the
whole treatment process, as Khodier and Sarc [58] point out. They published an extension
of the methods described by Khodier et al. [41] on non-scalar target values, i.e., particle size
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distributions. They first give a comprehensive overview on classical descriptive methods
for particle size distributions, e.g., particle lists, summary values, or analytical probability
density functions. However, they find out that none of these allows the distribution-
independent modeling of particle size distributions—which is essential for covering all
kinds of processes—while always preserving all relevant information.

As a solution, they transfer methods from the field of modeling and analysis of com-
positional data: they model the particle size distribution through a multivariate multiple
linear regression of isometric log-ratio-transformed shares of a deliberate choice of particle
size classes. Isometric log-ratios free the data from the constraints of a simplicial vector
space (all shares are positive, and their sum is constant), through a bijective projection on
the one-dimension lower real space, hence allowing the application of standard statistics.
To account for the interdependence of the particle size classes’ shares, they furthermore
involve the multivariate character of the data in all evaluations, hence evaluating factor
significances through a multivariate analysis of variance (MANOVA).

Concerning the evaluated process—coarse-shredding of mixed commercial waste—
Khodier and Sarc [58] find that, from the three examined factors, only the cutting tool
geometry significantly changes the shares of three particle size classes (>80 mm, 30–80
mm, 0–30 mm), which were chosen based on their relevance concerning SRF qualities [17].
One remarkable conclusion—in consideration of the results of Khodier et al. [41] is that
larger gap widths lead to higher throughputs and lower energy demands (which is both
desirable) while not (negatively) affecting the material quality.

3.3.2. Online-Ontime Material Particle Characterization and Quality Assurance

Kandlbauer et al. [59] address the field of metrology, targeting the online-measurement
of shredded mixed commercial waste’s particle size distribution, as defined by a drum
screen. In their approach, particle sizes are determined through a partial least square
regression (PLSR) model, that is based on geometric descriptors of the particles’ shapes,
which were derived from two dimensional RGB (red—green—blue) images of single
particles. Such two-dimensional images can be obtained in real-scale processing plants, by
accessing RGB sensors on the acceleration conveyor belt of sensor-based sorters. Potential
geometric descriptors were collected in a literature research: they include, for example,
smallest enclosing polygons (e.g., triangles, circles, rectangles), and Feret diameters. A
Partial Least Squares Regression (PLSR) finally uses these in a combined model, that keeps
the number of empirical model constants low.

Kandlbauer et al. [59] conclusively find, that—while there are still unanswered ques-
tions, e.g., concerning image quality—when individually considering different material
fractions, the performance of the models is very promising, with average errors of 0.2%
for the shares of the particle size classes of wood for example, in the case of a uniform
distribution. However, they also motivate for follow-up research to increase the accuracy of
the measurements of individual particles, to ensure a distribution-independent good perfor-
mance of the method—e.g., by evaluating the performance of machine learning models.

As described before, real-online/ontime and high-quality data are important in devel-
opment of digitalized solutions for the waste management sector and especially in case
of a so-called smart waste factory of the future. Various sensors are applied to measure
waste data. Therefore, through ReWaste4.0 a new level of waste material characterization
has been introduced for mixed waste, namely the characterization of mixed waste at a
waste particle level and the target is to apply this approach online (i.e., real-time) and
ontime (i.e., directly before and after each processing step and in case that such intensive
monitoring is not possible to be carried out in a waste treatment plant, then at least input
and output qualities should be monitored). Therefore, on one side monitoring of waste
treatment processes can be executed and on the other side a quality assurance concept
for waste materials can be carried out. This approach would deliver data for “intelligent
communication” between material quality and machine as well as plant performance as
aimed by ReWaste4.0 [2].
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Weißenbach [60] report that there is no general definition of the term “waste character-
ization” but this procedure is applied for a number of different purposes. Typical aspects
of the waste characterization procedure are the definition of waste composition based at
the material type level as well as chemical and physical investigations for definition of
waste properties. Furthermore, more technological methods of waste characterization are
realized by applying sensor technologies (cf. [25,61,62]) as well as RGB cameras (cf. [59]).

As described by Weißenbach and Sarc [60,63], the investigation has been carried out
at the level of individual particles and a total of eight fractions have been characterized,
namely: paper/cardboard, wood and liquid packaging board (LPB) as well as plastic frac-
tions PE, PP, PS, PET and polyvinyl chloride (PVC). Selected parameters are the projected
particle area and the particle mass. In total, 15,542 particles of fine SRF (<30 mm) have
been investigated. Next, single particles from SRF with particle size 30–80 mm (1,078 par-
ticles investigated) as well as a pre-treated MCW fraction with particle size 80–500 mm
(1,268 particles investigated) have been examined [63]. All data have been statistically
assessed and, in summary, the following results have been gained, see Table 5. As shown,
the projected area value for pre-treated MCW is 10 times bigger than the value for SRF
secondary and this, in turn, is 3 to 4 times bigger than the value for SRF primary. For the
mass, the values have factors of 13 to 14 (pre-treated MCW vs. SRF secondary) and of
about 6 (SRF secondary vs. SRF primary) [13,60,63].

Table 5. Median of the projected area and particle mass, classified according to particle size classes and material fraction [13,60,63].

Material
Fraction

SRF Primary SRF Secondary Pre-Treated MCW

Proj. Area
(in cm2)

Mass
(in g)

Proj. Area
(in cm2)

Mass
(in g)

Proj. Area
(in cm2)

Mass
(in g)

Paper 4.1 0.14 13.8 1.17 168.9 15.4
Wood 1.4 0.14 6.4 1.62 72.9 57.7
LPB 3.8 0.17 19.5 2.66 131.4 24.0
PE 5.4 0.15 15.8 0.64 198.9 5.3
PP 4.2 0.23 11.8 1.37 124.6 9.3
PS 3.2 0.19 12.6 1.04 68.1 8.9

PET 4.4 0.30 9.0 1.46 135.4 21.1
PVC 3.4 0.23 11.0 2.17 64.4 24.9

Total median 3.6 0.19 11.5 1.21 114.2 16.65

3.3.3. Experimental Monitoring of Waste Flows and Machine Performance in Waste
Treatment Plants

Sarc et al. [25] report that, in most waste treatment plants, a typical weighbridge is used
for measuring of input and outputs but, in the technical process itself, there is no online
and ontime mass or volume flow measurement introduced. Additionally, in many cases the
shovels of wheel loaders are equipped with weighing devices for a rough determination of
a throughput. However, these methods do not allow machine, process and/or plant real-
time (ontime) monitoring. As stated in the paper, the retrofitting of machines, processes
and/or plants with volumetric flow measuring systems seems to be a promising approach
as its installation would not need process concept changes but relatively simple mounting
over the conveyor belts. However, to be able to convert these measured volume flow data
into mass (i.e., tones) data, the bulk density of the material at every installed position is to
be determined. When processing mixed waste like MMW, MCW, SRF, it has to be noted, as
described before, that the composition and fluctuations in its composition as well as the
properties of such waste are constantly changing and therefore, a continuous measurement
in order to calibrate the system in real time is required.

Curtis et al. [64] and Curtis and Sarc [65] have extensively investigated these fluc-
tuations in a semi-large scale “Technikumslinie4.0” (technical production line 4.0) and
large-scale experiments and based on results made a distinction in:
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• Short-term fluctuations (expressed as throughput change in intervals <15 s);
• Mid-term fluctuations (expressed as throughput change in intervals of 15–600 s);
• Long-term fluctuations (expressed as throughput change in intervals >600 s).

As proven by experiments from Curtis et al. [64] and Curtis and Sarc [65], short-term
fluctuations resulted mostly from material´s composition, constitution and its particle
size characteristics and machine specific parameters (e.g., drum screen speed, reversing
intervals of shredders). Mid-term fluctuations originated especially from a discontinuous
feeding process with the wheel loader or other feeding machines. Long-term fluctuations
would be in a range of >600 s or longer and result from changes in machine parameter—
while testing, no such fluctuations were recorded as all shredder parameters were kept
constant. Additionally, fluctuations were investigated regarding their influence on the
performance of selected (subsequently positioned) machines like the sensor-based-sorting
machine as well as a monitoring unit after a shredding step to combine the measured data
on volume flow fluctuations with the power consumption of the shredder. Results show
that fluctuations in throughput can be measured by volumetric flow measuring systems
which ensure the availability of selected information for a better understanding of the
treatment process and its conditions. Next, fluctuations have significant influence also on
the performance of the subsequent machines and can directly influence the product quality
and the therewith connected market value of the product. Finally, the combination of online
and ontime material flow and composition monitoring systems (before and after a machine)
with machine (note: conveyor belts are also to be considered as “machines”) consumption
(e.g., energy), machine settings and performance control, both systems equipped with
proper data collection, analysis and management as well as digital interconnection tools,
can contribute to the further development of the so-called Smart Waste Factory for the
waste treatment sector.

4. Conclusions

Within the current FFG-funded COMET K-Project “ReWaste4.0”, two scientific and
eight company partners initiated in 2017 the ambitious and required paradigm shift for
the transformation of the non-hazardous mixed municipal and commercial waste manage-
ment towards a Circular Economy 4.0. ReWaste4.0 and the approved follow-up project
“Recycling and Recovery of Waste for Future (ReWaste F—2021–2025), among others, are
future oriented projects that are based on legal developments in the EU, especially Circular
Economy Package from 2015 and 2018 and European Green Deal from 2019 as well as
market developments regarding digitalization and Industry 4.0 approaches.

As shown in the present review-paper, Circular Economy 4.0 involves a better under-
standing of contaminants contained in products and waste (note: every product will finally
become a waste material—it is just a question of time!), deeper know-how on secondary raw
and energy materials as well as co-processing materials and application of digitalization
and Industry 4.0 approaches in waste characterization and the waste treatment sector.

When dealing with mixed waste like MMW and MCW with high material hetero-
geneity and various as well as large particle sizes, representative sampling and analysis of
such waste is of high priority as the results influence all further steps. Therefore, within
ReWaste4.0 the principles of the theory of sampling and internationally recognized waste
sampling standards were applied. Finally, based on the results it can be concluded that
increasing the number of increments for forming composite samples seems to have a larger
beneficial effect on sampling quality than increasing the mass of the composite sample.

The obtained results show that the content of valuable plastics in MMW and MCW
is about 15% in MMW and 15–23% in MCW. From a processing point of view, for the
efficient recovery of these plastics, screening of the fine fraction after pre-shredding makes
sense to remove contaminants and impurities. Additionally, after a material flow division
based on particle dimensionality, further screening classification into targeted particle size
classes is required to achieve higher concentrations of plastics and efficiently use plant
capacities. Next, results presented show that all plastic types and mixtures investigated
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are processable for production of flakes and granulates and finally can become a valuable
secondary raw material after proper and quality focused treatment processes.

Regarding contaminants in the investigated waste, it can be concluded that they are not
only enriched in specific materials, but also in selected particle size classes. Nevertheless,
contaminants are present in a broad range of products and waste management needs to
deal with them properly to produce quality assured secondary raw and energy materials
from mixed waste for the recycling, recovery and co-processing sector.

Digitalization and Industry 4.0 approaches are at the very beginning of being intro-
duced in the waste treatment sector. Especially, real-time (smart) monitoring, data analysis
and management and process control for waste processing plants are to be developed in
the future. The mixed waste treatment sector has specific challenges like the continuously
changing waste quality as well as material and machine related fluctuations. These should
be considered when developing smart treatment solutions. Finally, results gained within
ReWaste4.0 support the development of further digitalized solutions for waste treatment
sector and especially in case of a so-called smart waste factory.

ReWaste F—Recycling and Recovery of Waste for Future—is the logical high-quality
R&D continuation for the period 2021 to 2025—building on extensive know-how and
intensive results gained from ReWaste4.0, considering current and future waste streams
(i.e., non-hazardous mixed waste), technology (machines, sensors, cameras) and digitaliza-
tion (data analytics, simulation as well as intelligent material–machine–machine digital
interconnection) developments.

ReWaste F has been developed with an enlarged consortium (i.e., four scientific and
14 company partners) and deepened data, sensor and digital interconnection expertise to
create and implement a particle-, sensor- and data-based circular economy. In ReWaste
F, partners will progress the branch towards a circular waste economy and technology
according to the newly published European Green Deal 2019 for the sustainable and
resource efficient development of the waste, secondary raw material and energy sectors.
Furthermore, particle-, sensor- and data-based technologies (machines and processes
become cyber–physical systems) and digital and intelligent interconnection (including the
development of a manufacturer-independent “digital platform”) are crucial to enable the
online/ontime communication of Material–Machine–Machine within new “Smart Waste
Factory solutions” and to generate added value throughout the whole value chain.
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Abstract: Particle size distributions (PSDs) belong to the most critical properties of particulate
materials. They influence process behavior and product qualities. Standard methods for describing
them are either too detailed for straightforward interpretation (i.e., lists of individual particles), hide
too much information (summary values), or are distribution-dependent, limiting their applicability
to distributions produced by a small number of processes. In this work the distribution-independent
approach of modeling isometric log-ratio-transformed shares of an arbitrary number of discrete
particle size classes is presented. It allows using standard empirical modeling techniques, and the
mathematically proper calculation of confidence and prediction regions. The method is demonstrated
on coarse-shredding of mixed commercial waste from Styria in Austria, resulting in a significant
model for the influence of shredding parameters on produced particle sizes (with classes: >80 mm,
30–80 mm, 0–30 mm). It identifies the cutting tool geometry as significant, with a p-value < 10−5,
while evaluating the gap width and shaft rotation speed as non-significant. In conclusion, the results
question typically chosen operation parameters in practice, and the applied method has proven to be
valuable addition to the mathematical toolbox of process engineers.

Keywords: particle size distribution; compositional data analysis; simplex; isometric log-ratios; multi-
variate multiple linear regression; mechanical processing; waste treatment; commercial waste; shredder

1. Introduction

The size distribution belongs to the most critical properties of solid particulate materi-
als, and particularly mixed solid waste, for example: The quality classes of solid recovered
fuels (SRF) demand specific maximum particle sizes [1]. The particle size distribution (PSD)
of the organic fraction of municipal waste impacts its anaerobic digestion [2]. The particle
sizes of municipal solid waste influence the yields of dry gas, char, and tar in fixed bed
reactor pyrolysis [3]. And the PSD influences the mass throughput of robotic sorters, which
are limited by picks per hour [4]; hence, smaller particle sizes (and the corresponding
smaller weights) decrease the possible mass throughput.

Concerning mixed commercial waste, besides the PSD’s relevance as a technical quality
criterion for processing products (e.g., SRF [5]), and its influence on the performance of
reactors and processing machines (e.g., wind sifters [6]), different types of materials also
concentrate in different particle size ranges (e.g., sorting analysis by Khodier et al. [7]
and the size distribution of different plastic types according to Möllnitz et al. [8]). Hence,
beyond influencing the shares of a plant’s throughput that pass specific machines (due to
material flow separation by screens), the PSD also determines the kinds of materials that
pass through these machines.

Therefore, beneficial PSDs increase the effectiveness, as well as economic and ecologic
efficiency of mixed solid waste treatment. Consequently, the PSD of mixed solid waste is
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deliberately influenced during mechanical processing, which is usually the first treatment stage
for this kind of material, mainly through a combination of shredding and sieving [1–3,7,9–13].

1.1. Describing Particle Size Distributions

Strictly speaking, the PSD of a collective is described as a list of the individual particles’
sizes. But the representation as such a list is not suitable for analyzing and comparing
PSDs. Consequently, various more useful methods for describing PSDs exist, which were
summarized by Polke et al. [14]: Collectives of particles are often described through average
equivalent diameters. An example is the Sauter diameter dS, which gives information
on the specific surface of the collective (Equation (1), where Vt is the total volume of all
particles, and At is the total surface area of all particles).

dS = 6Vt/At (1)

Often, information on the width of the distribution is also essential. Consequently,
measures of this width are frequently provided. Examples are the sample standard de-
viation S (Equation (2), where di is the size of the ith particle, d is the arithmetic average
size, and N is the number of particles), or distribution-independent measures of the width,
as shown, for example, in Equation (3) (where W is the width, and db is the bth percentile
particle size).

S =

√√√√∑N
i=1

(
di − d

)2

N − 1
(2)

W =
d75 − d25

d50
(3)

Considering the described influence of the PSD on the path individual particles take
through a plant, it is essential in mechanical waste processing to have more detailed
knowledge on it than just summary values. Hence, the results of a PSD analysis are often
reported graphically: the frequency density is shown in a histogram [15], where particle
sizes are summarized into particle size classes (PSCs)—which is also the level of information
obtained from sieve analyses (Figure 1a). Another representation, which is more suitable
for comparing PSDs, is the sum distribution (Figure 1b) [14].

Figure 1. Representation of the overall particle size distribution (PSD) of a mixed commercial waste according to Refer-
ence [7]: (a) frequency density; (b) cumulative frequency density.
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These graphical representations correspond to an empirical distribution [15]. As the
sample size approaches infinity and the class width approaches zero, the histogram’s
representation becomes a continuous function: the probability density function (PDF). This
PDF can also be approximated from analyses, where only summary information on discrete
PSCs is available (e.g., sieve analyses), for example, through cubic splines [16] or Kernel
density estimation [17].

Sometimes, the PDF can be approximately described by an analytical expression. In
such cases, reporting the momentums of such an analytical distribution is sufficient to
describe the PSD. So, for example, reporting the arithmetic mean particle size d of the
sample and its standard deviation S, usually implies the underlying assumption of a
normal distribution, according to Equation (4), where q(d) is the probability density or
frequency density for particles of size d, μ is the arithmetic average of the population, which
is estimated through d, and σ is the population’s standard deviation, which is estimated
through S [18].

q(d) =
1√

2πσ2
· exp

(
− (d − μ)2

2σ2

)
(4)

Three further analytical PDFs, are reported as being relevant to the description of
PSDs [14]: The log-normal distribution describes materials, where the logarithm of the
particle size follows a normal distribution. It is a positively skewed distribution, which—in
contrast to the normal distribution—only includes positive and, therefore, meaningful
particle sizes. It is shown in Equation (5), where μ and σ are estimated by the arithmetic
average and the sample standard deviation of the logarithm of the particle sizes.

q(d) =

⎧⎨
⎩

0 if d < 0
1

d
√

2πσ2 · exp
(
− (log(d)−μ)2

2σ2

)
otherwise

(5)

The Gates-Gaudin-Schuhmann (GGS) distribution [19] is an empirical approximation
that is often suitable for describing products of coarse comminution processes. Its param-
eters are the maximum particle size dmax and the uniformity parameter mu. Its PDF is
shown in Equation (6).

q(d) =

{
0 if d< 0 or d >dmax

mu
dmax

(
d

dmax

)mu−1
otherwise

(6)

The Rosin-Rammler-Sperling-Bennet (RRSB) distribution [20] is also an empirical
approximation. Its first parameter d′ is equal to the particle size, where the cumulative
frequency density reaches the value 1 − 1/e ≈ 0.632, and its second parameter nu is a
uniformity parameter. Its PDF is shown in Equation (7). The RRSB distribution is often
used for describing products of fine comminution and dusts. Examples of the discussed
distributions are shown in Figure 2.

q(d) =

{
0 if d < 0

nu
d′
(

d
d′
)nu−1

exp
[
−
(

d
d′
)nu]

otherwise
(7)
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Figure 2. Frequency density (a) and cumulative frequency density (b) of a normal, log-normal, Gates-Gaudin-Schuhmann
(GGS), and Rosin-Rammler-Sperling-Bennet (RRSB) distribution.

1.2. Modeling Particle Size Distributions

Products’ PSDs result from their original condition and the kinds and parameters
of machines that process them. Hence, to beneficially influence PSDs through process
design and the choice and parametrization of machines, modeling and predicting them
is desirable.

The most sophisticated and advantageous models are physical models, which provide
an in-depth understanding of the phenomena that influence PSDs. Simulations based on
such models are usually implemented using the discrete element method (DEM). Examples
in literature are the works of Sinnott and Cleary [21] on the particle flows and breakage in
impact crushers, Lee et al. [22] on breakage and liberation behavior of recycled aggregates
from impact-breakage of concrete waste, and Dong et al. [23] on particle flow and separation
on vibrating screens.

While DEM-based models improve process understanding, they also require high
amounts of computational resources and detailed models and data on the processing
machines and the materials to be comminuted, which limits their applicability in practice in
many cases [24]: no published models, for example, incorporate the variability of materials,
geometries and particle interactions for real mixed solid waste.

When physical models cannot be used, empirical regression models can deliver basic
insights on machine and parameter influences on PSDs. For ensuring the reliability of the
results, it is essential to involve statistical analyses for finding and interpreting the models.
For scalar target values, the procedure has been thoroughly described by Khodier et al. [24],
based on the example of the parametrization-dependent energy demand and throughput
behavior of coarse shredders for mixed commercial waste.

PSDs are non-scalar: they are either described as PDFs, which are continuous functions,
or as compositions of PSCs and, therefore, as multivariate vectors. Analytical PDFs, as
those presented in Section 1.1., are defined by a set of momentums, which can also be
treated as multivariate vectors. Consequently, modeling PSDs requires extensions of the
methods used by Khodier et al. [24] to multivariate dependent variables.

The most widely applied variation of regression modeling is linear regression. It relates
one or more dependent variables to one or more independent variables based on a set of
linear regression coefficients. Its most general form—which is relevant to this work—is
multivariate multiple linear regression, which involves multiple independent variables
and multivariate dependent variables. Its model Equation is shown in Equation (8) [25].
The matrix Y (Equation (9)) is the P × R matrix of P observations of the R-variate vector

38



Processes 2021, 9, 414

of the dependent variable, with elements yp,r. ε (Equation (12)) is also a P × R matrix and
shows the corresponding model residuals εp,r. X (Equation (10)) is a P × (Q + 1) matrix of
the settings xp,q of the Q independent variables corresponding to the P observations. Its
first column (which is indexed with 0) is a column of ones, corresponding to constant terms
in linear regressions. And the matrix β (Equation (11)) contains the (Q + 1)× R regression
coefficients βq,r.

Y = X·β + ε (8)

Y =

⎡
⎢⎢⎢⎣

y1,1 y1,2 · · · y1,R
y2,1 y2,2 · · · y2,R

...
...

. . .
...

yP,1 yP,2 · · · yP,R

⎤
⎥⎥⎥⎦ (9)

X =

⎡
⎢⎢⎢⎣

x1,0 x1,1 x1,2 · · · x1,Q
x2,0 x2,1 x2,2 · · · x2,Q

...
...

...
. . .

...
xP,0 xP,1 xP,2 · · · xP,Q

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

1 x1,1 x1,2 · · · x1,Q
1 x2,1 x2,2 · · · x2,Q
...

...
...

. . .
...

1 xP,1 xP,2 · · · xP,Q

⎤
⎥⎥⎥⎦ (10)

β =

⎡
⎢⎢⎢⎣

β0,1 β0,2 · · · β0,R
β1,1 β1,2 · · · β1,R

...
...

. . .
...

βQ,1 βQ,2 · · · βQ,R

⎤
⎥⎥⎥⎦ (11)

ε =

⎡
⎢⎢⎢⎣

ε1,1 ε1,2 · · · ε1,R
ε2,1 ε2,2 · · · ε2,R

...
...

. . .
...

εP,1 εP,2 · · · εP,R

⎤
⎥⎥⎥⎦ (12)

The resulting model is obtained by minimizing the sum of squares of the residuals
εp,r. It is shown in Equation (13), where Ŷ is the matrix of the P × R model predictions ŷp,r

for the dependent variable, corresponding to the observations in Y, and β̂ is the matrix of
the (Q + 1)× R least-squares estimates β̂q,r of the regression coefficients in β.

Ŷ = X·β̂ (13)

For linear regression models, it is necessary to describe the dependent variable as a
vector of a fixed length. In the case of analytical PDFs, this is the vector of the momentums.
So, the immediate result of a model for these momentums is the vector of their expected
values, and the corresponding confidence bands. From there, the PDF and its confidence
region can be calculated.

Theoretically, β̂ can also be calculated from Q univariate linear regressions. The
resulting values β̂q,r are identical. But multivariate methods, involving multivariate linear
regression and multivariate analysis of variance (MANOVA, e.g., Reference [26]), are
preferable: they allow a more accurate calculation of confidence regions, considering
correlations between the momentums. Moreover, the evaluation of parameter’s significance
should be based on multivariate considerations to find coherent models for the resulting—
interdependent—distribution of the particle sizes.

Analytical PDFs are practical, as they allow a detailed description of PSDs with a
small number of variables—the momentums. However, only few processes produce PSDs
that follow analytical functions, according to Polke et al. [14]. Consequently, methods for
distribution-independent modeling of PSDs are also needed, which is especially true for the
mechanical processing of mixed solid waste, considering the variety of processing machines
used there: e.g., shredders, screens, magnetic separators, and sensor-based sorters [10].
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Empirical distributions allow the distribution-independent description of PSDs: par-
ticle sizes are amalgamated to D discrete PSCs. As a result, the PSD is described as a
composition—a D-dimensional vector of the shares of those PSCs.

Mathematically, the compositional nature of the vector of PSCs has wide-reaching
consequences: D-dimensional compositions are constrained to a vector space called the D-
dimensional simplex S(D), which is a sub-space of the D-dimensional real space R(D) [27].
Compositions, being simplicial vectors, have specific common properties: Their D parts
are not linearly independent. This results from a summation constraint: their parts sum up
to a fixed constant, e.g., 1 or 100%. Furthermore, parts may only have positive values or
zero. So, more precisely, S(D) is a sub-space of R+(D)

0 . The most well-known representation
of a simplex is the ternary diagram (see, e.g., Reference [28]), which shows the three-
dimensional simplex.

When modeling simplicial vectors, the constraints of the simplex and the interdepen-
dence of the compositional parts must be considered. While Khodier et al. [29] report the
empirical observation that the constraints are automatically fulfilled for the prediction
values Ŷ, if all observations in Y are valid compositions, this does not apply to correspond-
ing confidence regions. Hence, different methods were developed in the past decades to
handle and model simplicial data.

The most widely applied approach for handling compositions is transforming data
using log-ratios, as suggested by Aitchison [30]. There are many kinds of such log-ratios,
but the state of the art approach in the compositional data community is the application of
so-called isometric log-ratios (ilr) (as proposed by Egozcue [31]), according to Reference [32].
These are bijective projections of the D-dimensional Simplex onto a (D − 1)-dimensional
real-space with an orthonormal basis [27]. The resulting ilr-coordinates are unconstrained,
linearly independent coordinates. Hence, standard statistics can be applied in the projected
log-ratio space, as demonstrated, for example, by Edjabou et al. [33] for waste composition
analysis. Consequently, the use of ilr-transformations allows the application of standard
multivariate multiple linear regression to predict PSDs, described as empirical distributions.

In this work, the approach of modeling influences on empirical PSDs using mul-
tivariate multiple linear regression and ilrs is applied on particle size data, using the
programming language R. The data was obtained within Khodier et al.’s [24] industry-scale
coarse-shredding experiments with real mixed commercial waste. Based on this example,
this work aims at presenting the method to the process engineering and waste processing
communities, enabling the distribution-independent empirical modeling of particle size
distributions, while preserving all relevant information. Moreover, the method’s suitability
for PSD modeling and its limitations and potential pitfalls in the interpretation of the
results are discussed. And, finally, insights on the influences of coarse shredders’ param-
eters on the PSDs of mixed commercial waste are presented, complementing findings of
Khodier et al. [24] on their effects on shredders’ throughput behavior and energy demand.

2. Materials and Methods

2.1. Experimental Design and Setup

The choice of the experimental design and the shredding experiment setup have
been explained in detail by Khodier et al. [24]. Hence, they are only summarized in the
following. The extension of the experiment with material sampling and particle size
analysis are described in detail.

2.1.1. Experimental Design

The shredding experiment examines the influence of three independent variables on
the throughput behavior and energy demand of a Terminator 5000 SD, which is a single-
shaft shredder from the Austrian company Komptech GmbH (Frohnleiten, Austria)—a
research partner in the funded project ReWaste 4.0. These independent variables are the
radial gap width w, the shaft rotation speed s, and the cutting tool geometry c. The factor
range of w was defined from 0% to 100% of the maximum gap width, with discrete levels
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at a step size of 10%. The minimum of the factor range of s was chosen at 60% and the
maximum at 100% of the maximum shaft rotation speed of 31 rpm, again width discrete
10% steps. Concerning c, three different geometries are examined, called “F”, “XXF”, and
“V” (for more details, cf. Reference [24] and Figure A1 and Table A1 in the Appendix A).

The factors are coded for the design and analysis of the experiment: for the numerical
factors s and w, their range is adjusted to −1 to 1, representing the minimum and maximum
factor settings. Concerning the nominal factor c, it is represented by two variables c1 and c2,
based on sum contrasts (cf. Reference [34]). The values of these variables that correspond
to the cutting tool geometries are shown in Table 1.

Table 1. Contrast matrix for the cutting tool geometry.

Cutting Tool Geometry c1 c2

F 1 0
XXF −1 −1

V 0 1

The experimental design settings of the independent variables were chosen based on
a statistical Design of Experiments (cf. Reference [35]). A 32 runs, completely randomized
D-optimal design (cf. Reference [36]) was chosen, with no blocking (cf. Reference [37]) and
with five replicate points and five lack-of-fit points. It is based on the reduced-cubic design
model, shown in Equation (14), where ŷ(r) is the model prediction for the rth (univariate)
response (=dependent variable),

⇀
x is a vector of the factors’ settings, and K(r)

jkmn is the model

coefficient for the rth response and the factor or interaction (=multiplication of factors)
wjskcm

1 cn
2 .

ŷ(r)
(
⇀
x
)
=

2

∑
j=0

2−j

∑
k=0

1

∑
m=0

1−m

∑
n=0

(
K(r)

jkmnwjskcm
1 cn

2

)
(14)

Equation (14) can easily be extended to multivariate responses; therefore, the design
is also valid for multivariate multiple linear regression. To extend it, ŷ(r) equals ŷp,r in
Equation (13): the rth univariate response becomes the rth dimension of the multivariate
response, and p indexes the corresponding vector of factor settings

⇀
x , which is simply a

row of X. Each factor or interaction wjskcm
1 cn

2 is represented by a column of X, and each

coefficient K(r)
jkmn corresponds to a coefficient β̂q,r.

2.1.2. Setup of the Shredding Experiment

The flowchart of the experiment is shown in Figure A2 in the Appendix A: The feed
material is waste, declared as mixed commercial waste (cf. Reference [24] for more details),
collected in Styria in Austria in October 2019. It is fed into the shredder’s feeding bunker
using a wheel loader. From the shredder’s output belt, the material is passed to a digital
material flow monitoring system (DMFMS), consisting of a belt-scale and optical sensors
(cf. Reference [11]). The material leaving the DMFMS is collected on a product heap. Each
experimental run has a total duration of one hour.

2.1.3. Sampling

For analyzing the PSD of the shredded waste, samples must be taken. The design of
the sampling process in this experiment is based on Pierre Gy’s Theory of Sampling (TOS),
as described in the Danish standard DS 3077 [38] and the work of Khodier et al. [7] on its
application on coarsely shredded mixed commercial waste.

According to TOS, the fundamental sampling principle must be considered: each
particle must have the same probability of ending up in the sample. The most beneficial
sampling situation is a one-dimensional sampling [39], e.g., taking the samples from
a falling stream. Furthermore, a sample should spatially cover the whole lot, which is
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achieved by composite sampling: the sample is a composite of so-called increments (the
sampled material from one individual sampling step).

In this work, the sample for each experimental run consisted of 40 such increments.
They were taken from a falling stream, swiveling the output conveyor belt of the DMFMS
back and forth over a sampling box, elevated by a forklift (see Figure 3), every 3 min-
utes, taking two increments. The inner dimensions of the box were 115 × 915 × 565
(length × width × height in mm). For ensuring that all desired material ends up in the
box, the height of the back-side wall of the box was increased by placing 1.5 m-long wood
boards inside. The box was changed after every ten increments. Based on the share of the
samples in the total processed mass, each increment covered approximately 0.61 seconds
of throughput. For intermediate storage, the samples were finally transferred to 1 m3

big bags.

 

Figure 3. Sampling setup.

2.1.4. Particle Size Analysis

The PSDs of the samples were analyzed using a Komptech (Frohnleiten, AT) Nemus
2700 drum screen and five screening drums that have square holes with side lengths of 80,
60, 40, 20, and 10 mm. The geometries of the drums are shown in Figure A3 and Table A2
in the Appendix A.

First, one big bag of a sample was evenly distributed in the feeding bunker of the
screen, which has a length of 4033 mm in the direction of the material flow, and a width of
1035 mm. Then, the drum was started with a rotation speed of 11.5 rpm, and the conveyor
belt of the feeding bunker was operated at 0.026 m/s. The drum screen was only stopped
after all material had passed. The produced fine fraction was then screened with the
subsequent finer drum. The scale used for measuring the masses of the fraction has an
uncertainty of 10 g.

2.2. Analysis of the Results

The analyses of the results, which are explained in this section, were performed in R
version 4.0.2, based on the work of van den Boogaart and Tolosana-Delgado [40]. The imple-
mentation is attached as an HTML export of a jupyter notebook (see Supplementary Material).

For the analyses in this work, the six particle size fractions from the particle size
analysis are aggregated to three PSCs for easier visualization. To ensure the relevance of
the findings for mechanical waste processing, the PSCs were chosen, based on the particle
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size limits of SRF premium quality (30 mm) and SRF medium quality (80 mm) [1]. Since
none of the used screen drums had a mesh width of 30 mm, equal shares of the screening
fraction 20–40 mm are assigned to the particle size fractions 0–30 mm and 30–80 mm, which
corresponds to linear interpolation.

2.2.1. Isometric Log-Ratios

The ilr transformation (denoted as a function ilr()) is an isometry of the vector spaces

SD and RD−1 [27], which means that the distance between two compositions
→
y
(1)

and
→
y
(2)

is preserved in the transformation. For interpretation, it is essential to understand
that the distance referred to is not the Euclidian distance ΔE (Equation (15), where yi is
the ith element of a R-dimensional composition

→
y ), but rather the Aitchison distance ΔA

(Equation (16), where ilri() is the function for the ith ilr dimension) (cf. Reference [27]).
Consequently, the preserved distance is of a relative, multiplicative nature and not an
absolute, additive nature. Hence, the least-squares minimization of the model residuals in
ε, when calculating the coefficients’ estimates β̂, is also based on the Aitchison distance
when applying the ilr transformation. Considering this is particularly important when the
order of magnitude of the parts’ shares differs significantly since small absolute differences
become very significant on a relative scale for very small shares (cf. Reference [41]).

ΔE

(
→
y
(1)

,
→
y
(2)
)
=

√√√√ R

∑
i=1

(
y(1)i − y(2)i

)2
(15)

ΔA

(
→
y
(1)

,
→
y
(2)
)
=

√√√√√ 1
2R

R

∑
i=1

R

∑
j=1

⎡
⎣ln

⎛
⎝y(1)i

y(1)j

⎞
⎠− ln

⎛
⎝y(2)i

y(2)j

⎞
⎠
⎤
⎦

2

=

√√√√R−1

∑
i=1

[
ilri

(
→
y
(1)
)
− ilri

(
→
y
(2)
)]2

(16)

Furthermore, the ilr transformation is not defined if any part has a value of zero. While
there are different approaches to handling such values, they complicate the application of
the transformation [27].

In the following, ilr-transformed coordinates are marked with “∗” so that Y∗ = ilr(Y).
The back-transformation function is denoted “ilr−1()”. For calculating ilr coordinates, the
compositional parts are sequentially grouped: first, each component is assigned to a group
+1, or −1. For subsequent ilr coordinates, the elements of one group are again assigned
to new groups +1 or −1, and the parts of the other group are assigned to group 0. Each
ilr coordinate is then calculated according to Equation (17), where ai,r is the scaling factor
for the rth compositional part and the ith ilr coordinate. The calculation of ai,r is shown in
Equation (18), where t is the number of parts in group +1, and v is the number of parts in
group −1 [31].

ilri

(→
y
)
=

R

∑
r=1

[ai,r ln(yr)] (17)

ai,r =

⎧⎪⎪⎨
⎪⎪⎩
+ 1

t

√
tv

t+v for parts of group + 1

− 1
v

√
tv

t+v for parts of group − 1

0 for parts of group 0

(18)

Greenacre [42] documents concerns regarding the interpretation of ilr-transformed
data since it incorporates the geometric means of compositional parts. Consequently, in
this work, results are interpreted based on graphical representations of back-transformed
data. Hence, the exact choice of groups is arbitrary, and the standard grouping of the
“ilr()” function of the “compositions” package version 2.0-1 in R [43] is used. In this work,
r = 1 stands for the fraction > 80 mm, r = 2 for the fraction 30–80 mm, and r = 3 for the
fraction 0–30 mm (see Supplementary Material). Resulting from the standard grouping,
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the ilr-transformed representation
→
y
∗

of a particle size composition
→
y (corresponding to a

row of Y) is calculated according to Equation (19).

→
y
∗
= ilr

(→
y
)
=

⎛
⎜⎜⎜⎜⎝

ln

[(
y2

y1

)√
0.5
]

ln

[
y3

√
2/3

(y1y2)
√

1/6

]
⎞
⎟⎟⎟⎟⎠ (19)

2.2.2. Model Reduction: MANOVA

To obtain a final, reliable model, the factors and interactions in Equation (14) must
be checked on their significance, eliminating non-significant ones, but retaining model
hierarchy (cf. Reference [24]). For univariate dependent variables, this is done through F-
tests in an analysis of variance (ANOVA) (cf. Reference [35]). The multivariate character of
the compositional dependent variable in this work requires a multivariate extension of the
ANOVA: the MANOVA. Different from the ANOVA, there is more than one definition of
the F-statistic in the MANOVA. The most commonly used definitions are the Pillai-Barlett
trace, Wilk’s lambda, the Hotelling-Lawley trace, and Roy’s largest eigenvalue statistic,
according to Hand and Taylor [26]. These are also the ones implemented in the “regr”
package, version 1.1 [44], used for the MANOVA in this work.

For the analyses at hand, the Pillai-Barlett trace was chosen, based on the recommen-
dation of Olson [45] as cited in Reference [26]. Model reduction is performed applying
backward selection: the least significant term, which can be removed without violating
model hierarchy, is eliminated, as long as removable non-significant factors or interactions
are present (cf. Reference [40]). Analogous to Reference [24], 0.1 is chosen as the threshold
so that factors and interactions with an empirical significance (p-value) higher than that
threshold are discarded. The relevant p-values are calculated using the “drop1()” function
from the “regr” package (version 1.1).

For evaluating the final model, three performance values are calculated: The coefficient
of determination R2 calculates how much of the variance of the data is explained by the
model. The adjusted coefficient of determination R2

adj is a measure similar to R2. But it is
adjusted by the terms in the model and thereby evaluates the model’s efficiency [35]. Both
are calculated using the “R2()” function in R.

The prediction coefficient of determination R2
pred determines the share of variance,

which is explained by models fitted without considering the very point which is evaluated.
High differences between R2

pred and R2
adj indicate overfitting. R2

pred is calculated according
to Equation (20), where PRESS is the prediction residual sum of squares and SStot is the
total sum of squares [46]. PRESS is calculated, using the “PRESS()” function from the
“MPV” package version 1.56 [47]. And SStot is calculated, according to Equation (21). y∗p,r

is the pth observation of the rth of (R − 1) coordinates of the ilr-transformed dependent
variable. And y∗r is the arithmetic mean of the observations of the rth ilr coordinate (see
Equation (22)).

R2
pred = 1 − PRESS

SStot
(20)

SStot =
P

∑
p=1

R−1

∑
r=1

(
y∗p,r − y∗r

)2
(21)

y∗r =
1
P

P

∑
p=1

y∗p,r (22)

2.2.3. Analysis of the Residuals

The tests in the MANOVA require multivariate normality of the (ilr-transformed)
residuals ε∗. Hence, to validate the final model, the distribution of the residuals must be
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examined. Each coordinate of variables, which follow a multivariate normal distribution,
also follows a univariate normal distribution [48]. Hence, a quantile-quantile plot for each
coordinate is examined as a first visual step. Since the individual coordinates’ univariate
normality is a necessary, but not sufficient condition for multivariate normality, multivariate
tests are also applied, particularly Mardia’s Skewness and Mardia’s Kurtosis [49]. Both
tests are part of the “mvn()” function in “MVN” package version 5.8 [50], which also tests
the univariate normality of the individual coordinates using the Shapiro-Wilk test.

2.2.4. Confidence and Prediction

The resulting model Equation shows the most likely prediction value. Two regions
express the uncertainty of this prediction: the confidence region and the prediction region
(cf. Reference [40]). The confidence region covers the uncertainty of the model parameter
estimation. The region reflects likely average PSC distributions (on an ilr scale) for specific
parameter settings, for extended operation times, on a chosen confidence level. The pre-
diction region adds the residual variability around the expected value. Hence, it shows
likely PSC distributions for one hour of operation (since this is the experimental duration
the data is based on).

Due to the required multivariate character of the ilr-transformed residuals, the result-
ing confidence and prediction regions are equipotential-ellipses (resulting from the PDF
of the multivariate normal distribution) on an ilr-scale. Van den Boogaart and Tolosana
Delgado [40] provide R-code for calculating these regions and visualizing their back-
transformed representation in ternary diagrams. This code is used in this work (see
Supplementary Materials).

3. Results and Discussion

3.1. Data and Model

The experimental design and the resulting shares of the PSCs are shown in the Sup-
plementary Materials. Their order corresponds to the order in which the experimental runs
were performed. Originally, a completely randomized order was planned. As reported
by Khodier et al. [24], due to an unintentional change of the motor rotation speed of the V
cutting tool during the experiments, three runs had to be repeated. Since the tight timescale
did not allow re-randomizing all remaining runs, considering the time consumed when
switching shredders, the randomness is slightly impaired.

A significant model was found based on the experimental data. It is visualized in

Figure 4 and shown in Equation (23), where
→̂
y is a vector showing the model predictions

of the mass shares of the three PSCs. Its first element corresponds to the coarse fraction
(>80 mm), its second element to the medium fraction (30–80 mm), and the third element
shows the fine fraction (0–30 mm). As shown in the Equation, the only significant factor (at
a threshold of p = 0.1) is the cutting tool geometry c.

→̂
y = ilr−1

[(
0.137
0.047

)
−
(

0.307
0.178

)
c1 +

(
0.344
0.145

)
c2

]
=

⎧⎪⎨
⎪⎩

(
0.39 0.31 0.30

)T for c = “F”(
0.30 0.35 0.35

)T for c = “XXF”(
0.21 0.42 0.37

)T for c = “V”

(23)

The analysis of the ilr-residuals proves a multivariate normal distribution, with p-
values of 0.67 and 0.89 for the Shapiro-Wilk test on univariate normality of each coordinate
and p-values of 0.89 and 0.71 for Mardia’s Skewness and Mardia’s Kurtosis, respectively.

R2 for the model is 0.57 and R2
adj is 0.54. These values are noticeably lower than those

of the models for the throughput behavior and energy demand (see Reference [24]), which
range from 0.73 to 0.87 for R2 and from 0.67 to 0.81 for R2

adj.
The lower coefficients of determination are reasonable since material fluctuations are

likely to influence the material quality more than the process behavior, and sampling adds
random noise (cf. Reference [7]). Considering the high expectable noise in processing
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experiments with real waste, and especially in shredding experiments (cf. Reference [24]),
the model performance is satisfactory.

 
Figure 4. Prediction values and confidence and prediction regions for the particle size class distributions resulting from
different cutting tool geometries.

3.2. Discussion of the Method

The data from the particle size analyses were amalgamated to three discrete PSCs
and then freed from the restrictions of the simplex by applying an ilr-transformation. The
resulting model, the multivariate normal distribution of its residuals, and the consequent
successful calculation of confidence and prediction regions prove the potential of this
approach in terms of distribution-independent, mathematically correct empirical modeling
of particle size distributions.

It is another potential application of ilr-transformations in the context of waste man-
agement, besides the application on waste compositions, in terms of sorting fractions
(cf. Reference [33]). The method is a notable extension to the toolbox of chemical and
process engineers in general, besides familiar approaches, like equivalent diameters or
certain analytical distributions (see Section 1.1).

The discussed restriction of the method concerning zero-values is not an issue for
the present data. When data include zeros, the potential impact of zero-handling tech-
niques must be considered. These include amalgamations of compositional parts or zero-
replacement (cf. Reference [42]).

Furthermore, the impact of the relative scale of ilr-transformed data must be kept in
mind. Concerning the aim of the present work, it cannot be ignored, since the absolute
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values of the PCSs’ shares result in absolute waste masses, which are of interest. But the
effect of the relative scale is low when the shares of all parts are of similar orders of
magnitude, as is the case in this work (see Equation (23)). For other cases, calculations of
weighted variances (cf. Reference [42]), for example, can be used to counteract the impact
of the relative scale, if necessary. The relative scale can also be beneficial in other cases (as
explained by Pawlowsky-Glahn et al. [27]), for example, where the share of trace elements
in a chemical composition has a high impact.

The discussed issue of interpreting ilrs, is solved by graphical representation in this
work. While this is a straightforward approach for three or fewer fractions, the question of
how to represent more fractions arises. Graphic solutions include sets of ternary diagrams
of two specific fractions and amalgamations of the others (cf. Reference [40]) and area
plots (for the expected values, but not for confidence and prediction regions). Some other
approaches include: The application of easier interpretable log-ratios (e.g., additive log-
ratios or log-ratios incorporating amalgamations, cf. Reference [42]) at the cost of the exact
representation of the variance structure in the data, or modeling non-transformed data,
while incorporating potential issues with the restrictions of the simplex, particularly for
calculating confidence and prediction regions.

Finally, the results in Figure 4 confirm the decision of Khodier et al. [24] to perform a
Design of Experiments-based investigation, with multiple runs: the 95% prediction regions
overlap even for the F and V unit. Hence, conclusions that contradict the findings in this
work could be drawn when comparing only single runs of one hour.

3.3. Discussion of the Modeling Results

For the gap width and shaft rotation speed, no significant impacts on the produced
PSDs were identified. In conclusion, either no such effects exist, or they are too small,
compared to the residual variance in the data, to be detected based on the data at hand
(resulting in so-called type II or β error). According to Biemann [51], no matter how small,
any effect becomes significant if the amount of data is big enough. Hence, the order of
magnitude of potential, non-identified effects is of interest. For the chosen limit p-value of
0.1 in the MANOVA, linear effects are preserved in the model if the 90% confidence regions
of their extreme settings (which get smaller with more data) do not overlap. And potential
effects are likely not to exceed the maximum distance of the borders of these regions.

Consequently, the confidence regions for the minimum and maximum settings of
w and s at factor setting 0 for the other variables were plotted (see Figure 5), based on a
linear model (see Equation (24)), to give a visual impression of potential type II errors. The
residuals of these models also follow a multivariate normal distribution. Figure 5 shows,
that w influences the allocation to PSCs of 0 to about 13% of the product material, and s
influences 0 to about 9%, for average settings of the other factors.
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]
(24)

Differences in the PSD, caused by the shaft rotation speed, would most likely be based
on differences in the breakage of brittle materials in the waste, caused by the impact speed
of the shaft’s teeth. Since the used machines are slow running shredders, the non-existence
of such effects appears feasible. Furthermore, since potential impacts of this kind are
most likely relatively small, the low share of brittle materials in mixed commercial waste
(cf. Reference [7]) complicates their identification.

Concerning the gap width, considering the geometry of the cutting tools, a slight
increase of the coarse fraction (>80 mm) would be reasonable due to falling through of
uncomminuted particles between the teeth of the counter comb. But the non-significance
of potential effects makes sense, considering that the breakage situation, according to
Feyerer [52], does not change with the gap width for the F and XXF geometry and only
slightly for the V geometry.
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The influence of the cutting tool geometry is highly significant, with a factor p-value
<10−5. As Figure 4 shows, it is largest, comparing the PSDs produced by the F and the V
geometry. But the F and XXF geometries also differ significantly on a 95% confidence level.
The results confirm expectations, considering the geometries (cf. Figure A1 and Table A1
in the Appendix A): The smaller axial gap between the counter comb teeth of the XXF
geometry leads to a finer product, compared to the F unit. To be more precise, the share of
the coarse fraction decreases in favor of the two other fractions.

Concerning the V geometry, the gap between the counter comb teeth is smaller than
the gap of the F geometry. It is larger than the XXF geometry’s gap close to the shaft but gets
much smaller with increasing distance. This smaller gap, combined with a comb system
(cf. Reference [24]), leads to the finest product among the examined geometries—again,
mainly in terms of an even lower share of coarse material compared to the XXF geometry.

Relating the results to the findings of Khodier et al. [24], the choice of a cutting
tool geometry depends on the requirements of the process: The V tool produces the
finest material of the three but at the cost of higher energy demand and smaller but
steadier throughput.

Concerning the gap width and the shaft rotation speed, the standard operation with
minimum gap widths and maximum shaft rotation speeds must be questioned: increasing
the gap width is beneficial for the throughput and energy demand and hardly affects
the throughput steadiness, according to Reference [24]. The shares of the PSCs chosen in
this work (typical for SRF production) are not or only a little affected, with a maximum-
likelihood influence on only about 3% of the material.

For the shaft rotation speed, the maximum likelihood influence of this non-
significant factor on the PSD only concerns about 2% of the material, while the mass
flow and energy demand show an optimum at about 84% and 80% of the maximum
shaft rotation speed, respectively.

 
(a) (b) 

Figure 5. Ninety percent confidence regions for the minimum (−1) and maximum (+1) settings of w (a) and s (b), at factor
setting 0 for the corresponding other factors of w, s, c1 and c2, based on the linear model from Equation (24).

4. Conclusions

Multivariate multiple linear regression modeling was applied in this work on ilr-
transformed PSC data from a Design of Experiments-based 32 runs coarse-shredding
experiment with mixed commercial waste. A significant model, with an R2 of 0.57 was
found, identifying the cutting tool geometry as a highly significant influence on the PSD.

The gap width and shaft rotation speed were found not to be significant, with
maximum-likelihood influences on 3% and 2% on the material, respectively. If the discussed
potential type II errors are rated as economically relevant or other particle size classes are
of interest, further data should be generated and analyzed. Otherwise, the PSD can be
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treated as invariant to these factors when optimizing the throughput and energy demand.
Consequently, based on the new insights from this work, a much more efficient operation
of mechanical waste processing plants can be reached. The influence of the cutting tool, on
the contrary, is highly significant. Its choice depends on process requirements.

What was not investigated are selective influences on specific material fractions,
e.g., metals or wood. The investigation of the PSDs of such fractions may give more
detailed insights and lead to different conclusions on process parametrization. It is
subject to further research, which can make use of the presented modeling methods.

Using the presented method requires an in-depth understanding of the implications of
applying the ilr transformation. It is essential to avoid wrong interpretations, caused by the
introduced relative scale or by zero-replacement practices, where necessary. Nonetheless,
establishing such understanding is rewarding: in conclusion, the method has proven to
be suitable for the distribution-independent modeling of PSDs. Hence, it is a valuable
addition to the toolkit of engineers, dealing with particulate materials.

Supplementary Materials: The following is available online at https://www.mdpi.com/2227-9717/
9/3/414/s1, Supplementary Material: an HTML print of the jupyter notebook which contains the
used code.
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Abbreviations

ai,r scaling factor for the rth compositional part and the ith ilr coordinate
ANOVA analysis of variance
At total surface area of all particles
c cutting tool geometry
c1, c2 coded representation of the cutting tool geometry
d particle size
d arithmetic average particle size
d′ characteristic particle size of the RRSB distribution
db bth percentile particle size
di size of the ith particle
dmax maximum particle size
dS Sauter diameter
D number of particle size classes
DEM discrete element method
DMFMS digital material flow monitoring system
GGS Gates-Gaudin-Schuhmann
ilr isometric log-ratios
ilri ith ilr dimension
j factor exponent
k factor exponent
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K(r)
jkmn model constant for the factor or interaction wjskcm

1 cn
2 and the response r

m factor exponent
mu uniformity parameter of the GGS distribution
MANOVA multivariate analysis of variance
n factor exponent
nu uniformity parameter of the RRSB distribution
N number of particles
p empirical significance
P number of observations
PDF probability density function
PRESS prediction residual sum of squares
PSC particle size class
PSD particle size distribution
q(d) frequency density for particles of size d
Q number of independent variables
R number of dimensions of the dependent variable
R2 coefficient of determination
R2

adj adjusted coefficient of determination
R2

pred prediction coefficient of determination

R(D) D-dimensional real space

R+(D)
0 D-dimensional positive real space, including 0

RRSB Rosin-Rammler-Sperling-Bennet
s shaft rotation speed
S sample standard deviation
S(D) D-dimensional simplex
SRF solid recovered fuel
SStot total sum of squares
t number of parts in group +1
TOS Theory of Sampling
v number of parts in group −1
Vt total volume of all particles
w radial gap width
W width of a distribution
xp,q pth setting of the qth independent variable
X matrix of settings of the independent variables
→
y compositional vector
→
y
∗

ilr-transformed compositional vector
→̂
y model prediction of the shares of the particle size classes
yi ith element of

→
y

yp,r pth observation of the rth dimension of the dependent variable
y∗p,r pth observation of the rth dimension of the ilr-transformed dependent variable
ŷp,r model prediction for yp,r

ŷ(r) model prediction of the response r
y∗r arithmetic mean of the rth ilr coordinate
Y matrix of the dependent variable
Y∗ matrix of the ilr-transformed dependent variable
Ŷ matrix of model predictions of the dependent variable
β matrix of the regression coefficients
β̂ matrix of least squares estimates of the regression coefficients
βq,r qth regression coefficient for the rth dimension of the dependent variable
β̂q,r least squares estimate of βq,r
ΔA Aitchison distance
ΔE Euclidian distance
ε matrix of the model residuals
ε∗ matrix of the ilr-transformed residuals
εp,r model residual corresponding to yp,r
μ arithmetic average of a population
σ standard deviation of a population
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Appendix A

 

Figure A1. Cutting tool geometries [24].

Table A1. Technical data of the cutting tool geometries [24].

Type F XXF V

number of cutting teeth (shaft) [pcs.] 32 22 32
position of cutting teeth (shaft) [-] double helix chevron chevron
width of cutting teeth (shaft) [mm] 70 70 42/85 *
height of cutting teeth (shaft) [mm] 124 124 183

width of cutting teeth (counter comb) [mm] 64 54 81/100 *
height of cutting teeth (counter comb) [mm] 142 136 202

cutting circle [mm] 1070 1070 1170
length of shredding-shaft [mm] 3000

right side cutting gap (axial) [mm] 3.5 2 3
left side cutting gap (axial) [mm] 39 2 3

minimum cutting gap (radial) [mm] 0
maximum cutting gap (radial) [mm] 33 35 30/38 *

comb-system [-] no no yes
* bottom/top of the teeth.
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Figure A2. Experimental setup: photo and flow chart [24].

Figure A3. Screening drum geometry.

Table A2. Data of the screening drums.

side length of the square-shaped holes (mm) 80 60 40 20 10
total hole area (m2) 16, 61 17, 06 17, 14 17, 96 14, 55
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Abstract: The “European Union Training Network for Resource Recovery Through Enhanced Land-
fill Mining (NEW-MINE)” was a European research project conducted between 2016 and 2020 to
investigate the exploration of and resource recovery from landfills as well as the processing of the
excavated waste and the valorization of the obtained waste fractions using thermochemical processes.
This project yielded more than 40 publications ranging from geophysics via mechanical process
engineering to ceramics, which have not yet been discussed coherently in a review publication. This
article summarizes and links the NEW-MINE publications and discusses their practical applicability
in waste management systems. Within the NEW-MINE project in a first step concentrates of spe-
cific materials (e.g., metals, combustibles, inert materials) were produced which might be used as
secondary raw materials. In a second step, recycled products (e.g., inorganic polymers, functional
glass-ceramics) were produced from these concentrates at the lab scale. However, even if secondary
raw materials or recycled products could be produced at a large scale, it remains unclear if they can
compete with primary raw materials or products from primary raw materials. Given the ambitions
of transition towards a more circular economy, economic incentives are required to make secondary
raw materials or recycled products from enhanced landfill mining (ELFM) competitive in the market.

Keywords: enhanced landfill mining; NEW-MINE; waste treatment

1. Introduction

Although landfill mining, “the process for extracting minerals or other solid natural
resources from waste materials that have previously been disposed of by burying them in
the ground” [1], has been investigated since 1953 [2], the interest in this topic only really
started in the 1980s in the USA [3] and the 1990s in Europe [4]. The main reasons for Landfill
Mining towards at the end of the 20th century comprised landfill remediation and landfill
volume recovery [5]. Between 2017 and 2015, several national (research) projects such as
the “Closing the Circle” project (Flanders/Belgium) [6], the LAMIS project (Austria) [7–10],
the MINERVE project (Wallonia/Belgium) [11] and the TönsLM project (Germany) [12]
were conducted, which focused more on material and energy recovery. These projects
covered different process steps ranging from geophysical exploration via exploration to
dry and wet mechanical processing.

In summary, these studies demonstrated that using state-of-the-art technologies can
yield concentrates of metals, inorganic-nonmetallic materials and combustibles. The metal
concentrates can already be sold at the market, since standard pyrometallurgical recycling
routes exist, which makes this fraction a key economic driver for landfill mining [13].
However, the inorganic-nonmetallic and combustible fractions are more challenging, while
the remaining fine fraction represents the final sink for contaminants [14] that have to
be removed from the circular economy [15]. In detail, recycling of inorganic-nonmetallic
materials even from fresh construction and demolition waste is mainly as aggregate [16],
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which is a low-value application that is, furthermore, associated with a quality decrease due
to the negative impact on the attached cement paste on concrete properties [17]. Similarly,
energy recovery from calorific fractions of the waste may either occur by classical waste
incineration processes [18] or after mechanical processing to refuse derived fuel (RDF) in
co-incineration plants [19]. Nevertheless, even in the latter case the waste supplier has to
pay for the material instead of obtaining revenues. Finally, regarding the fine fractions
it has to be mentioned that 78% of excavated soils, most of them not contaminated, are
landfilled in Austria [20] due to low landfilling costs and low material values. Therefore, it
seems unlikely that contaminated soil-like materials from landfills would be recycled.

For these reasons the question arose if innovative technology might be an option to
increase the economic feasibility of landfill mining projects. Consequently, in 2013 the
term “enhanced landfill mining (ELFM)” was defined as “the safe conditioning, excavation
and integrated valorization of (historic and/or future) landfilled waste streams as both
materials (waste-to-material, WtM) and energy (waste-to-energy, WtE), using innovative
transformation technologies and respecting the most stringent social and ecological cri-
teria” [6]. To investigate the potential of such “innovative transformation technologies”
and to cluster the existing European expertise in the field of landfill mining, the European
Enhanced Landfill Mining Consortium (EURELCO) was founded in 2014 [21]. From this
consortium the “EU Training Network for Resource Recovery through Enhanced Landfill
Mining (NEW-MINE)” was developed and received funding from the European Union in
2016. For a period of four years, 15 early stage researchers (ESRs) investigated the explo-
ration of and resource recovery from landfills as well as the processing of the excavated
waste and the valorization of the obtained waste fractions using thermochemical processes
(Figure 1).

 

Figure 1. Approach of the NEW-MINE project (www.new-mine.eu accessed on 16 November 2020).

The NEW-MINE project yielded a significant output of scientific publications, ranging
from geophysics via mechanical process engineering to ceramics. Although there is already
a review article that links the first NEW-MINE results with previous investigations [22],
there is no comprehensive review assessing the entire research output of NEW-MINE with
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respect to its practical applicability in waste management systems, which is the aim of this
review article.

This article is structured in the following way: Firstly, the methods for literature
review and discussion of the project results are given. Secondly, the project results are
summarized referring to the individual publications. In this context also the state-of-the-
art before the project and the publications referring to the NEW-MINE publications are
shortly summarized. Thirdly, in the Discussion section, the practical applicability of the
NEW-MINE results in waste management systems is discussed. Finally, a summary of the
project results and the challenges regarding their practical application is given.

2. Materials and Methods

Based on the publications listed on the NEW-MINE website (www.new-mine.eu
accessed on 16 November 2020), additional publications of the authors were identified
using Google Scholar and searching for the names of the NEW-MINE researchers. In
a second step papers citing the NEW-MINE publications were identified and set into
the context of NEW-MINE. The focus was on peer-reviewed publications, but certain
conference proceedings were selected in those cases when the contained information was
not found in a peer-reviewed article. Additionally, the search term “NEW-MINE” was
used to find publications referring to this project. In the Google Scholar searches between
dozens and few hundred articles appeared which were checked for consistency to the
review topic. Publications by authors with similar names who were obviously other
persons than the NEW-MINE researchers were excluded as well as publications referring
to “new mines”, but not to the NEW-MINE project. The entire literature research was
conducted in November and December 2020. Finally, the results of the NEW-MINE project
were checked for practical applicability based on the experience of the authors in waste
management and on personal communications with colleagues over the last years. In this
context, some theoretical reflections on resource classification and varying terminology in
interdisciplinary research were added.

3. Results

3.1. Innovative Landfill Exploration & Mechanical Processing
3.1.1. Landfill Exploration

Landfills have been investigated long before the NEW-MINE project with respect
to environmental problems arising from the landfilled waste [23–25]. With respect to
the recovery of resources from landfills, the task for geophysical exploration is different:
The landfill as a potential anthropogenic deposit shall be explored with respect to the
quality, quantity and “bonitaet” (=geological factors influencing the mining) [26] of the
contained secondary raw materials [27]. In contrast to pollutant-related exploration tasks,
the resource-related exploration task aims not for the identification of individual objects
or leakages but for the estimation of the average material composition. Before the onset
of the NEW-MINE project only few studies focused on these kinds of exploration, e.g.,
for a distinction between landfilled foundry sands and iron-rich materials using magnetic
methods [28]. Parallel to the NEW-MINE project, but not referring to it, another research
group distinguished between metal enrichments and plastic enrichments in a landfill using
a combination of electromagnetic and magnetic methods [29].

The publications within the NEW-MINE project include both applied studies focusing
on the exploration of landfills with respect to the material composition and fundamental
studies focusing on data processing of geophysical sensors.

The first applied study [30] investigated the suitability of electromagnetic induction
measurements and ground penetrating radar to characterize the geometry and electric
properties of waste layers. It was appreciated by scientists of two other EU project on ELFM,
the SMARTGROUND project who cited it with respect to electromagnetic measurements in
their study on ELFM in the UK [31], and the RAWFILL project who cited it with respect to
geophysical exploration in general [32]. The second applied study [33] used magnetic total-
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field measurements to estimate the bulk magnetic susceptibility of the Hollabrunn landfill,
Austria, by inverse modelling and validated the resulting susceptibility by manual sorting
of drill-core samples. In parallel, the magnetic susceptibility of reference materials was
determined by laboratory analyses and the resulting bulk susceptibility of the landfilled
waste mixture was computed using a weighted mean. The differences between the bulk
susceptibility derived from inverse modelling of the field data (0.06 to 0.11 SI) and the
values obtained from computing from the values from the reference materials (0.01 to 0.05
SI) highlight the challenges to determine the iron content in landfills from magnetic data.
This publication has not yet been cited, although two publications released in 2020 have
addressed magnetic exploration in the context of landfill mining [34,35].

Consistent with the overall character of the NEW-MINE project and the requirements
of the Marie Skłodowska Curie Actions, the share of fundamental research was dominant
which is also reflected in the higher number of publications regarding the basic aspects of
geophysical exploration. For example, a probabilistic inversion of electromagnetic data
using the so-called Kalman ensemble generator, was introduced [36]. This approach has
already been already cited twice by other authors [37,38] and was further extended to a
joint inversion of direct current resistivity and small-loop electromagnetic data [39], which
was published in a mathematical journal, Algorithms, highlighting the interdisciplinarity of
the NEW-MINE project. Finally, offset parameters were incorporated into the probabilistic
inversion framework to estimate systematic errors in electromagnetic measurements [40].

In summary, the role of geophysics in post-NEW-MINE projects (e.g., RAWFILL) is
higher than in pre-NEW-MINE projects (e.g., TönsLM), and post-NEW-MINE projects refer
to the results of NEW-MINE.

3.1.2. Mechanical Processing

Mechanical processing of landfilled waste was the main focus in pre-NEW-MINE
projects with dry methods being investigated in the LAMIS project [7] and wet methods in
the TönsLM project [12].

Based on a comprehensive study on state-of-the-art processing of excavated waste
from the Halbenrain landfill, Austria, using an existing mechanical-biological treatment
(MBT) plant [41], a novel processing concept using a ballistic separator as first processing
step for untreated excavated landfilled waste was developed and tested at the Mont-Saint-
Guibert landfill, Belgium [42]. The NEW-MINE approach to use state-of-the-art MBT
was addressed outside NEW-MINE in the context of the problematic character of the fine
fraction [43], its biological treatment to increase the value of the fine fraction [44], and
regarding landfill mining in general [45].

A second key innovation in this field reached by NEW-MINE was the demonstration
of the feasibility of near-infrared (NIR) sorting for the beneficiation of heavy fractions
from dry-mechanical processing [46]. The authors could enrich the inert materials in these
fractions from values between 85.6 to 98.8 wt% in the input to a range between 97.7 and
99.6 wt% in the output, by ejecting the plastics: this represents an important step towards
a possible recycling of the inert fraction. Another finding, i.e., the impact of attached
defilements on sorting performance, was subsequently considered in Austria’s largest
waste management project, ReWaste 4.0 [47]. The applicability of results from mechanical
processing of ELFM materials to “fresh” waste highlights the relevance of NEW-MINE
results in this field. Within NEW-MINE, the influence of surface roughness and surface
moisture of plastics on NIR sorting was investigated [48], and the findings were used
outside NEW-MINE for material flow characterization in sensor-based sorting systems
using an instrumented particle [49] and for a study of the influence of material alterations
and machine impairment [50]. NEW-MINE learnings on the effects of throughput rate and
input composition on sensor-based sorting [51] were subsequently used within the above
mentioned ReWaste 4.0 project [47,52].

Finally, the challenge of the fine fraction, which has been identified in pre-NEW-MINE
projects, e.g., in the LAMIS project [53], was firstly summarized in two review publica-
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tions [54,55]. A post-NEW-MINE study on contaminants in landfills [56], despite using
a misleading soil definition [57], added further information on this topic. Other publica-
tions [44,58] also addressed the observation that the fine fraction makes up the majority of
the landfilled material, but used correct terminology. Further post-NEW-MINE studies on
leachate characteristics [59] and composition of the fine fraction [60] added further informa-
tion to these fields. The need to further process the fine fraction to minimize re-landfilling
was mentioned by a publication on geophysical exploration of landfills [61]. The problem
stated within NEW-MINE that currently no valorization options for the fine fraction exist
because of the possibility of contamination of this fraction [43] was later considered by an
Estonian [62] and by an Indian study [63]. The same statement was also extracted from the
second review [55] but with the suggestion to tackle this problem by further processing [44].
In contrast, a Hungarian group extracted the contradicting statement that fine fractions can
be considered as a relevant source of metals, calorific fractions, inert fractions and soil-like
material recovery [64]. The explanation that the amount of the fine fraction increases over
time due to humification processes was mentioned in an Indian study on the application
of Fourier-transformed infrared spectroscopy for its characterization [65]. The need for a
deeper understanding of the physico-chemical properties of the fine fractions including
their distribution across the different grain size fractions was also applied to shredder fine
fractions [66]. Within the field of landfill mining, the general observations regarding the
fine fractions were considered by authors of the SMARTGROUND project [67].

Then, the fine fraction < 90 mm obtained by ballistic separation was characterized [68]
and further separated into a light fraction, a heavy fraction, ferrous and non-ferrous
metals and a fine fraction < 4.5 mm using windsifting, magnetic separation, eddy-current
separation and screens [69]. The heavy fraction was investigated with respect to the
utilization as construction material and the light fraction with respect to the use as refuse
derived fuel (RDF) [70]. The fine fraction < 4.5 mm was further processed and characterized
with respect to the relationship between mineralogy and leachability indicating the stable
mineralogical bonding of many contaminants (e.g., Pb as metal and Pb-Ca phosphate and
Zn as Fe-Zn alloy, ZnS and ZnSO4) [71].

In summary, novel research results obtained within NEW-MINE, especially using
sensor-based sorting, can be applied to areas beyond ELFM.

3.2. Thermochemical Conversion and Solar Energy Storage
3.2.1. Thermochemical Conversion

Most pre-NEW-MINE landfill mining projects covered the value chain from explo-
ration via excavation and mechanical treatment to the production of concentrates of sec-
ondary raw materials, i.e., metals for pyrometallurgical recycling, mineral wastes for the
production of construction materials and combustibles for energy recovery. These concen-
trates are still wastes (and not products) but state-of-the-art recyling and recovery routes do
exist, which is why the actual recycling or recovery was not part of most of these projects.
With respect to the combustibles these recovery routes include among others:

• Municipal solid waste incineration plants (MSWI plants)
• Refuse derived fuel power plants (RDF power plants)
• Cement works (co-incineration)
• Coal-fired power plants (co-incineration)
• Industrial power plants (co-incineration) [72].

Consequently, previous projects investigated the combustibles with respect to the
(co-) incineration in existing facilities considering not only calorific properties but also
the content of heavy metals [7] as these restrict the valorization options of RDF by co-
incineration [19]. For those cases in which the combustibles fulfil the requirements for co-
incineration in the cement industry, the inorganic constituents of the RDF are incorporated
into the mineral phases of the clinker contributing to its desired hydraulic properties, which
justifies to address the share of RDF used on a material level as “recycling index” [73].
In contrast, for those cases in which contaminant concentrations exceed limit values for
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RDF, energy recovery in MSWI plants is the state-of-the-art option. MSWI yields bottom
ashes whose recycling is restricted by limit values for total concentrations and/or leachable
concentrations of contaminants [74,75]. The chemical composition and leachability, as
well as the element-specific limit values significantly vary between individual EU member
states. Table 1 presents the ranges of concentrations relative to ranges of limit values for
material used in road construction, showing that the total contents of Cd, Cu, Cr, Pb and
Zn and the leachable contents of Pb are most problematic.

Table 1. Ranges of total (mg/kg) [76] and leachable (mg/L) [76,77] contents and respective limit
values (CH, DK, SWE, FIN, FRA, AUT, D, NL, BEL for total and DK, ESP, SWE, FIN, FRA; AUT, GER;
NED, BEL for leachable contents) for recycling of MSWI bottom ashes.

Total Content Concentrations Limit Values

Cd 1–177 0.2–10
Cu 738–17620 40–500
Cr 115–852 40–500
Ni 38–850 35–500
Pb 197–6441 20–1250
Zn 1142–9370 120–1250

Leachable Content Concentrations Limit Values

Cl 259–416 80–5000
Cr 0.01 0.006–0.5
Ni <0.05 0.01–0.35
Sb 0.016–0.023 0.006–0.2

SO4 15–106 70–6500
Pb 1.8–6 0.02–0.82

Following the pathway of classic incineration for those calorific fractions exceeding
the threshold values for co-incineration would, therefore, result in the need to re-landfill
significant proportions of the resulting bottom ashes. Disposal of MSWI bottom ash at
increasing scarcity of landfill volume and the need for landfill aftercare for up to more than
100 years [78] is associated with significant costs, which will represent a massive financial
and environmental burden for governments and the public in the future.

This is why within NEW-MINE, despite sharp criticism [79], gasification and pyrolysis
were investigated as alternative thermochemical conversion processes within NEW-MINE
with the background idea to use the produced syngas and to couple these processes to
plasma technology to convert the resulting ashes directly into a vitreous slag, which might
be favorable compared to MSWI bottom ashes with respect to mechanical and leaching
properties. As it was not possible within the project to test plasma technology, vitreous
slag from previous tests was used for further experiments, but also MSWI bottom ash was
melted to obtain a similar slag.

Within NEW-MINE, the light fraction obtained by mechanical processing of excavated
waste from the Mont-Saint-Guibert landfill was subjected to pyrolysis (N2 atmosphere, 900
◦C, 1 h) and the resulting char was subjected to steam gasification using thermogravimetry
analysis (TGA) to study the reaction kinetics [80]. This publication was cited as one of
the few studies on gasification kinetics of MSW chars [81] and regarding the observed
increase in activation of the char by gasification [82]. Furthermore, the study was cited
with respect to the energy savings, low NOx emissions and pollutant reduction of steam
gasification compared to conventional thermochemical conversion technologies [83]. In a
second study, a sample of the fine fraction (<10 mm) and two samples of combustibles (with
different share of defilements) were used for a similar experimental setup [84]. The latter
publication was cited in a review on co-incineration of organic waste and coal [85] and
with respect to the higher production of CO and CO2 in pyrolysis when using finer waste
fractions in a publication on the prediction of gaseous products from RDF pyrolysis [86].
Two further results originated from this NEW-MINE publication: (1) pyrolysis of landfilled
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waste yields less oil and gas than pyrolysis of fresh waste and (2) gasification of char from
pyrolysis of landfilled waste yields waste fuel with a higher reactivity compared to the
same process using fresh waste, which is explained by the catalytic effect of the metals
present in landfilled waste [87]. Further studies citing this publication are on pyrolysis of
pre-treated trommel fines [88]. In the third study on this topic, it was shown that steam
co-gasification of landfilled waste with biochar increases H2 yields [89]. This publication
was mentioned in a review article on waste-to-energy technologies [90] and with respect to
the use of the syngas from gasification for ammonia synthesis [91].

The second issue addressed within NEW-MINE regarding gasification was the crack-
ing of tars from the produced syngas which would restrict its utilization options. At first, a
review on the state of the art regarding the role of plasma in syngas tar cracking [92] was
published, which was cited outside of NEW-MINE by two other review articles [93,94]
mentioning the efficiency, but also the short lifetime and high costs of this technology, as
well as a novel warm gas tar cleaning processing called OLGA. In a next step, naphtha-
lene was used as a model tar molecule and Corona plasma-aided thermal cracking was
demonstrated successfully for its removal at 800 ◦C [95]. This study was cited with respect
to tar generation and conversion kinetics [96], regarding the required high temperatures of
1100 ◦C which represent a disadvantage compared to catalytic reforming [97], and as an
example for thermal tar cracking [98]. Finally, two CaO-rich catalysts doped with Sr were
synthesized from mussel shells and successfully tested for tar cracking in the syngas [99].

Another NEW-MINE publication focused on further aspects of the pyrolysis process.
Lab-scale pyrolysis tests at 400 to 700 ◦C with the above-mentioned light fraction of the
Mont-Saint-Guibert landfill revealed the enrichment of polycyclic aromatic hydrocarbons
(PAH) in the condensable pyrolysis products, highlighting the need to further treat this
output fraction [100]. Although the main focus of thermochemical conversion technologies
within NEW-MINE was on the treatment of the combustibles, thermal treatment (400/450
◦C, 30 min) was also used to assess the quality of the nonferrous metals obtained from
mechanical processing of the excavated waste from Mont-Saint-Guibert landfill [101].

3.2.2. Solar Energy Storage

In contrast to waste incineration and co-incineration, which produce energy and even
contribute to 3.7% of the German end energy consumption [72], gasification requires exter-
nal energy. The use of energy from renewable sources for this purpose is environmentally
favorable, but requires energy storage. Consequently, within NEW-MINE, MgO-stabilized
SrO was synthesized and successfully tested for heat storage via the SrO/SrCO3 cycle [102].
This research was considered outside NEW-MINE with respect to radiation propagation in
a heat exchanger transforming solar radiation into high-temperature heat [103], thermo-
chemical energy storage in the CaO/CaCO3 [104] and MnAl2O4/MnAl2O4−x [105] system
and two reviews on thermochemical energy storage [106,107]. The most recent NEW-MINE
publication in this field deals with thermochemical heat storage via the CuO/Cu2O redox
cycle and describes the synthesis of granules with a gravimetric energy storage density in
the range of 470 to 615 kJ kg−1 [108].

In summary, NEW-MINE publications on thermochemical conversion and solar energy
storage focused on the organic constituents of gasification chars and of oxide/carbonate
systems for solar energy storage and created a novel state-of-the-art. However, the fate of
inorganic pollutants during gasification was not addressed and the intended production
of vitreous slags via plasma processing that might immobilize these pollutants was not
realized in the project.

3.3. Benefication of Products from Thermochemical Conversion
3.3.1. Melting and Vitrification

Since the intended plasma gasification of ELFM materials was not realized within
NEW-MINE, three groups of input materials were selected for further processing, i.e.,
(1) MSWI bottom ashes, (2) vitreous slag from plasma gasification (“Plasmastone”) from
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a pre-NEW-MINE project and (3) synthetic vitreous slags mimicking the plasmastone
composition. The aims of the beneficiation of these materials comprised the recovery of
metals and the beneficiation of the nonmetallic fractions for specific applications in civil
engineering beyond the state-of-the-art applications of MSWI bottom ashes as low-strength
aggregates [109]. Thermal treatment of MSWI bottom ashes within NEW-MINE aimed
for the recovery of metals and beneficiation of the mineral fraction. For this purpose, two
heating technologies were investigated.

Firstly, a submerged arc furnace (SAF) and an electric resistance furnace (ERF) were
used to melt MSWI bottom ash obtained from a Dutch MSWI plant at 1500 and 1400 ◦C,
respectively. These experiments yielded an Cu-Fe alloy and a vitreous CaO-Al2O3-SiO2
slag, which might be used for the production of glass ceramics or inorganic binders [110]
and were linked to the application of SAF technology in other fields [111].

Secondly, microwave heating was used to study the dielectric properties from the
above mentioned MSWI bottom ash from a Dutch MSWI plant and revealed that MSWI
bottom ash absorbs microwaves with low losses until 320 ◦C but above this temperature
pyrolysis enhances the dielectric loss [112]. This study was cited with respect to microwave
cladding, an emerging surface modification technique [113]. In a next step, flash microwave
vitrification was realized at 2.45 GHz within 1.5 min. The advantage of this technology for
vitrification is that the cooling rate is naturally so fast, due to the inherent cold environment,
that no specific efforts are required for quenching [114].

3.3.2. Alkali Activation

The next group of studies within NEW-MINE dealt with the further benefication
of vitrified MSWI bottom ashes. In one study, the vitrified bottom ash was subjected to
alkali activation (1 M NaOH and 2.5 M NaOH and sinter crystallization (800 ◦C or 900
◦C), thereby yielding porous (70 vol%) glass ceramics with a compressive strength of 3
MPa, which might be used as an alternative to lightweight concrete [115]. Another group
of studies addressed the production of inorganic polymers by alkali activation. Compared
to geopolymers, which are the main subgroup of alkali activated materials, inorganic
polymers differ with respect to their chemical composition.

A synthetic plasmastone analogue was used to study the impact of solid-to-liquid and
K2O/SiO2 ratio and the type of activation solution on the resulting inorganic polymers.
Adjustment of these process parameters yielded inorganic parameters with a compressive
strength of up to 119 MPa [116]. This study was cited in a review article as an example to
valorize vitrified MSWI bottom ash [117]. Based on these findings, strategies to increase the
volumetric stability of inorganic polymers were developed [118]. This work was cited in the
context of alternative cementitious materials for radioactive waste encapsulation, taking
into account that strengthening of inorganic polymers was observed due to radiation-
induced iron oxidation [119]. One approach to increase the volumetric stability is the
addition of CaO-rich materials, which was demonstrated in another study [120].

3.3.3. Sintering of Glass-Ceramics

The last group of studies refers to the sintering of vitreous slags from plasma process-
ing of MSW or from MSWI vitrification to glass ceramics, which might be used as building
materials such as aggregates and panels. The most-cited publication of NEW-MINE [121]
dealt with the production of porous glass ceramics from the vitreous slag obtained by
plasma processing of MSW. It was demonstrated how increasing the firing temperature of
glass ceramics can trap chromium in stable pyroxene group minerals and adding borosili-
cate glass can decrease the leaching of Cr, Mo and V as boron acts as a network former. This
paper was cited in publications on the preparation of glass-containing foams from geopoly-
mers [122] and vitrified MSWI bottom ash [123] in which the formation of wollastonite
and the freezing of the microstructural evolution were mentioned. Other papers cited this
publication with respect to the recycling of glass waste into foam glass [124–129], porous
waste glass for lead removal in wastewater treatment [130], lead stabilization through
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alkali activation and sintering of Pb-bearing sludge [131], utilization of waste glass for the
production of sulphuric acid resistant concrete [132], mechanical and alkali activation of
MSWI fly and bottom ashes for the production of low-range alkaline cement [133] and foam
glass-ceramics [134], inorganic gel casting for manufacturing of boro-alumino-silicate glass
foams [135], porous glass-ceramics derived from MgO-CuO-TiO2-P2O5 glasses [136], alkali
activation of coal and biomass fly ashes [137], nickel-based catalysts for steam reforming
of naphthalene utilizing MSW gasification slag as support [138], production of porous
glass ceramics from titanium mine tailings and waste glass [139], porous bioactive glass
microspheres [140], Al-SiO2 composites [141], glass-ceramic foams from alkali-activated
vitrified MSWI bottom ash and waste glasses [142]. Another study used vitrified MSWI
bottom ash as input material to obtain similar porous glass ceramics [143] and was cited by
some of the publications that also cited the first study.

In a next step, dense glass with good mechanical and environmental properties (low
leaching due to stable incorporation of heavy metals in stable hedenbergite, wollastonite
and iron oxides) were obtained from a mixture of “Plasmastone”, recycled soda-lime glass
and kaolin clay by cold pressing and fast heat treatment (1000 ◦C, 40 ◦C/min) [144]. This
publication was referred to as a case study for the influence of crystallization time on glass
ceramics [145].

The crucial linkage between mineralogy and technical and environmental performance
was also investigated in a further study in which low temperatures (800 ◦C) were sufficient
to immobilize heavy metals in a stable matrix using spent borosilicate glasses and additional
electromagnetic shielding functionalities were obtained by magnetite formation [146]. This
approach was cited in a study on the substitution of feldspar by waste glass for porcelain
production [147] and in a paper on cheap pore-generating agents for ceramics [148]. Finally,
the promoting effect of firing in nitrogen atmosphere on the stabilization of pollutants and
novel functionalities was investigated [149]; the paper was cited in studies on the recycling
of iron-rich inorganic wastes into functional glass-ceramics [150] and on the production of
glass ceramics from MSWI bottom ash and coal fly ash by melting and sintering [151].

In summary, the NEW-MINE publications on beneficiation of products of thermochem-
ical conversion of (excavated) MSW, i.e., vitrified MSWI bottom ashes and vitreous slags of
plasma gasification, yielded novel insights into the relation between (crystalline/vitreous)
structure and (mechanical/leaching) properties of waste-derived glass ceramics and inor-
ganic polymers. Although these specific approaches to address MSWI residues might not
be realized in practical waste management, the underlying mechanisms are also relevant
for the mobility of heavy metals in other mineral wastes and allow the eco-design of their
properties and, consequently, enhanced recyclability.

3.4. Multi-Criteria Assessment
3.4.1. Life Cycle Assessment

Already before NEW-MINE, comprehensive methods for landfill mining projects have
been developed. With respect to ecological and socio-economic criteria, this approach was
based on utility analysis and then transferred into a utility-net present value chart [9]. In
contrast, within NEW-MINE, for the ecological assessment life cycle assessment (LCA)
was used, although it was not applied to landfill mining, but to the impact of sanitary
landfills themselves [152]: this approach yields important information regarding the al-
ternative to ELFM, i.e., state-of-the-art landfill aftercare. This LCA publication was cited
with respect to the site selection for landfills [153,154] and in a study which yielded the
controversial statement that “recycling metals except gold had more negative environmen-
tal impacts than mining” [155]. Further citing studies deal with environmental impacts
of combustion-based energy production [156], composting on closed landfill sites [157],
bioreactor landfills [158], suppression of methane generation [159], modelling of landfill
gas production [160], organic waste enrichment [161]. Within NEW-MINE, LCA was also
applied to compare smelting of MSWI bottom ash with the state-of-the-art mineral process-
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ing approach and revealed that the energy demand for smelting processes overrules, with
respect to global warming, the positive effect of secondary raw material production [162].

In summary, LCA demonstrated the environmental impact of all scenarios of landfill
management. Landfill aftercare requires a high effort for gas and leachate treatment,
while traditional landfill mining with MSWI yields mineral fractions of MSWI bottom
ashes which cannot substitute for high-value primary raw materials due to the leaching
of pollutants. In contrast ELFM, with the production of vitreous slags–either via plasma
gasification of municipal solid waste (MSW) or via smelting of MSWI bottom ashes, yields
more valuable secondary raw materials which are characterized by a lower leaching, but
their production requires more energy.

3.4.2. Techno-Economic Assessment

Based on a comprehensive study on existing economic assessment methods [163] it has
been suggested within NEW-MINE to follow learning-oriented approaches. Subsequently,
an economic and environmental assessment of a possible ELFM project in Sweden has
been conducted and revealed that none of the scenarios is economically profitable, but of
all them result in net avoided emissions due to the recovery of metals [164]. In a next step,
more than 500,000 landfill mining scenarios were evaluated with respect to their net present
value and the influencing factors were identified via global sensitivity analysis. It was
found that 80% of these scenarios show negative results and that revenues from avoided
landfill management costs are more important than revenues from resource recovery [165].
This study was cited in a review paper on the impact of landfills on the environment [166]
in a study on the environmental and economic assessment of ELFM in Tehran [167] and
with respect to geophysical exploration of landfills [35].

In summary, NEW-MINE results confirm that ELFM is ecologically favorable, but
economically not profitable, which demonstrates the need for an integrated ecological
and economic assessment [9,35]. This means, that for those cases in which this integrated
assessment shows a positive effect of ELFM, economic incentives would be required to
make secondary raw materials or recycled products from ELFM competitive in the market.

3.4.3. Sociological Assessment

Before NEW-MINE, landfill mining was investigated mainly from technological, envi-
ronmental and economic perspectives. However, it is well known that large infrastructure
projects often fail due to public resistance [168]. Therefore, within NEW-MINE, also
stakeholders’ perspectives on ELFM were investigated [169] and stakeholder needs were
identified [170]. The latter study was cited in a study on the characterization of excavated
waste [171]. Finally, stakeholder archetypes for ELFM were defined: The Engaged Citizen,
the Entrepreneur, the Technology Enthusiast, the Visionary and the Skeptic [172]. In sum-
mary, the importance of the involvement of stakeholders in ELFM has been demonstrated
and fundamentals for corresponding strategies have been laid.

4. Discussion

4.1. Disciplinarity and Interdisciplinarity

Within the NEW-MINE project the entire process chain, from landfill exploration via
excavation and mechanical processing to thermochemical conversion and beneficiation of
conversion products, has been investigated. This broad scope constituted a unique feature
of the NEW-MINE project and, correspondingly, many publications do not address the
landfill mining itself, but waste treatment technologies, which may also be used for waste
from other sources than landfills. Some publications, e.g., dealing with energy storage,
are only loosely linked to landfill mining. This broad scope enabled the interdisciplinary
collaboration of researchers, for example between geophysicists and waste scientists [33],
waste scientists and polymer scientists [48], experts in mechanical and thermal waste treat-
ment [84,89,101] and in high and low temperature waste mineralogy [121,144]. However,
the majority of the publications can be allocated to a single scientific discipline. With
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respect to the number of publications citing the NEW-MINE publications, no significant
difference between disciplinary and interdisciplinary publications is visible. Although
most disciplinary publications were cited by researchers from other disciplines (e.g., [165]
by [35]), most of them were cited by colleagues from the authors’ discipline.

Considering that the overall research question of the project was to investigate if
innovative technologies increase the economic and environmental feasibility of landfill
mining, more interdisciplinary cooperation would be required. For example, if the purity
of an inert fraction obtained by sensor-based sorting is increased from 86 to 98% [46], what
is then the impact on the economic, environmental and societal assessment of ELFM? This
and several similar questions demonstrate the need for further interdisciplinary research
in the field of ELFM for which NEW-MINE could have been an excellent starting point.

4.2. Recycling Waste from Landfills

Although a lot of reasons for landfill mining have been identified and excavation of
landfills for environmental remediation has been practiced already for decades, it is the
recovery of resources from landfills, which fostered the landfill mining projects in the last
decade including the NEW-MINE project This is clearly indicated in the project’s name,
i.e., “EU Training Network for Resource Recovery Through Enhanced Landfill Mining”.
During the NEW-MINE project a lot of effort was devoted to treat the excavated waste
by mechanical, thermochemical and chemical methods. The final aim of these treatments
is to obtain either a secondary raw material, which may substitute for a primary raw
material in an industrial process, or a product, which substitutes for a product with the
same functionalities but is made from primary raw materials. Regarding the production of
secondary raw materials, NEW-MINE demonstrated that e.g., the 2D fraction of ballistic
separation can substitute for fossil fuels in co-incineration plants. In contrast, the use of
the inert fraction as raw material for the production of concrete [70] and the use of the fine
fraction as raw material for the production of compost soil [71] fails, due to the exceeded
limit values for total and leachable contaminants.

Regarding the production of a product, it has been demonstrated that e.g., glass-
ceramics [144] fulfil the mechanical and leaching requirements for building products.
Apart from the problem that several countries, e.g., Austria, have also limit values for total
contents, it has to be mentioned that these products have to compete with products with the
same functionality but are made from primary raw materials. Consequently, comparative
economic and environmental assessments are required to investigate the production costs
and environmental impact of e.g., lightweight concrete made from primary raw materials
(e.g., AiriumTM) and waste-derived glass-ceramics that compete for the same application.
With respect to raw materials, the same applies: e.g., recycled aggregates compete with
natural aggregates (with the problem of decreasing quality with increasing number of
recycling cycles [173]), but also additional challenges occur: The RDF that can be produced
by ballistic separation or windsifting has a negative value, i.e., the producer has to pay
the cement plant to incinerate it. Therefore, within the Halbenrain case study in NEW-
MINE, the lightweight fraction, which could have been delivered to an RDF production
plant was re-landfilled, as this was the cheaper option. The reason for this paradox is
that combustible waste must not be landfilled in Austria and incineration is an expensive
process, considering also the taxes that have to be paid. Therefore, co-incineration plants
can demand negative prices for RDF, as it is still cheaper than incineration. Only for the
specific case study of ELFM, re-landfilling of combustibles is allowed and represents the
cheapest option.

In summary, even if secondary raw materials or recycled products can be produced
from ELFM materials, it remains unclear if they can compete with primary raw materials or
products from primary raw materials. First observations for Austria suggest that this may
often not be the case. Given the ambitions of transition towards a more circular economy,
economic incentives are required to make secondary raw materials or recycled products
from ELFM competitive in the market.
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4.3. Waste Management Meets Mining Economics

Finally, as is already evident in the project name “NEW-MINE” in which terminology
from mining economics (“resources”) and waste management (“landfill”) are used, it
represents a good example to apply a figure illustrating the different terminologies from
mining economics, waste management and process engineering [27] to MSW landfills and
ELFM (Figure 2).

 

Figure 2. Location of MSW landfills in waste and resource terminology (Reprinted with permission
from ref. [27]. Copyright 2020. Daniel Vollprecht).

Often, in the recycling business, the term “waste” is avoided due to its negative
connotations. Instead, the terms “residue”, “anthropogenic resource”, “by-product” or
“secondary raw material” are used, but they have a different meaning.

Waste is precisely defined in the European Waste Framework Directive [174] as “any
substance or object which the holder discards or intends or is required to discard”. Conse-
quently, the material in an MSW landfill is waste, as the (former) holder discarded it. If the
material is recycled, it reaches the end-of-waste at the moment when it substitutes for a
primary raw material. Considering the technologies investigated within NEW-MINE, this
means that the material remains a waste until the waste-derived glass ceramics or inorganic
binders finally substitute for conventional construction ceramics or cement, respectively,
and this only if they fulfil the technical and environmental requirements for the competing
products made from primary raw materials.

A by-product is only a substance or object whose further use is certain [174], i.e., there
cannot be a by-product in a landfill, since if the further use would have been certain, it
could not have been disposed of. In contrast to “waste” and “by-product” which originate
from waste management, the term “residue” stems from process engineering and refers to
“the part that is left after the main part has gone or been taken away” [175]. In some MSW
landfills also residues can be found, as industrial waste has not always been disposed of
in separate landfills. Similar to “residue” also “secondary raw materials” are defined by
the Great Soviet Encyclopaedia as “materials and articles which, after complete initial use
(wear), may be used repeatedly in production as starting material” [176].

The terms “resource” (reasonable prospects for eventual economic extraction in the
foreseeable future) and “reserve” originate from mining economics (current economic
extraction possible) and have been introduced into waste management [13]. If current
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economic extraction is possible, the material will be a secondary raw material for a sub-
sequent industrial process, i.e., “anthropogenic reserve” and “secondary raw material”
are synonyms. With respect to ELFM, only a small fraction of the excavated materials
within NEW-MINE, i.e., the metal fractions from magnetic and eddy current separation or
from smelting processes, fall in this category. Some other fractions, e.g., the combustibles,
might be classified as “anthropogenic resource” if RDF prices rise significantly above zero.
However, the results for the fine fraction do not justify a classification as anthropogenic
resource, as no reasonable prospects for their purification exist [71].

In summary, the quantity of resources that can be recovered from MSW landfills can
be significant, if valorization options for the inert fraction and the combustibles become
feasible. However, quality and “bonitaet” [26] of anthropogenic resources from MSW
landfills represent significant challenges for future ELFM projects.

5. Conclusions

The NEW-MINE project (2016–2020) was a European research project investigating the
entire process chain of ELFM. Within the NEW-MINE project in a first step concentrates of
specific materials (e.g., metals, combustibles, inert materials) were produced which might
be used as secondary raw materials. In a second step, recycled products (e.g., inorganic
polymers, functional glass-ceramics) were produced from these concentrates at the lab
scale. However, even if secondary raw materials or recycled products could be produced at
a large scale, it remains unclear if they can compete with primary raw materials or products
from primary raw materials. Given the ambitions of transition towards a more circular
economy, economic incentives are required to make secondary raw materials or recycled
products from ELFM competitive in the market.
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Abstract: In this paper, an arc was drawn over ten years of research activities from three chairs
of the Montanuniversitaet Leoben, as well as industrial partners. The superior objective of this
research effort was to develop a wet-mechanical process for the recovery of polyolefin concentrates
(90 wt% polyolefins) from mixed waste fraction for use in chemical recycling and to advance this
new technology to commercial maturity. As a bridge technology, it would close the gap between
state-of-the-art dry processing of mixed plastic waste materials and chemical plastic recycling via
thermo-chemical conversion. The methods used were mainly tested in a lab-scale plant with a
throughput capacity of 50 to 200 kg/h depending on the bulk density of the used feedstock. Further
studies for the treatment and usage of the main products and by-products, as well as chemical
analyses of them, were completed during the investigation. Within these series of tests, polyolefin
concentrates, which satisfied the requirements for chemical recycling, could be recovered. With
these data, a concept for an industrial pilot plant was developed and evaluated from an economic
point of view. According to this evaluation, the realization of such an industrial pilot plant can
be recommended.

Keywords: plastics recycling; chemical recycling; wet-mechanical processing; polyolefins; circu-
lar economy

1. Introduction

1.1. Plastic Recycling in Europe

The report “Plastics Europe 2019” [1] states that 4–6% of the global petroleum pro-
duction was processed into polymer products, which amounted to 359 Mt in 2018. Of
the global production of polymer products, 61.8 Mt or 17% was related to Europe (In [1]
Europe is defined as the 27 member states of the European Union as well as Norway, Great
Britain, and Switzerland). The European demand for polymer products was 51.2 Mt in 2018.
These polymers can be classified according to their usage or chemical polymer structure,
see Tables 1 and 2.

Table 1. European polymer demand by application in 2018 [1].

Application Fraction (%) Period of Application

Packaging 39.9 Days to weeks
Others (furniture, medical, etc.) 20.8 Months to years

Building and construction 19.8 Years to decades
Automotive 9.9 Years

Electrical and electronics 6.2 Years
Household, leisure and sport, and 4.1 Months to years

Agriculture 3.4 Weeks to months
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Table 2. European polymer demand by chemical structure in 2018 [1].

Polymer Fraction (%) Exemplary Application

Polyethylene (PE) 29.7 Bags, containers, toys, houseware
Polypropylene (PP) 19.3 Food packaging, automotive, pipes

Others 19.0 -
Polyvinylchloride (PVC) 10.0 Cable insulation, pipes, coverings

Polyurethanes (PUR) 7.9 Insulation foams, pillows, mattresses
Polyethylene terephthalate (PET) 7.7 Bottles for drinks and other liquids

Polystyrene (PS) 6.4 Packaging, insulations, electronics

Polyethylene and polypropylene (the so-called polyolefins) make up approximately
50% of Europe’s polymer demand. Mainly used as packaging with a short period of use,
they represent a disproportionate amount of the European waste streams. In 2018 these
polymer wastes amounted to 29.1 Mt [1], which were mostly collected as comparably
heterogenous industrial or municipal mixed waste fractions. These mixed fractions are
frequently unsuitable for mechanical recycling due to their heterogeneity and possible
contaminations. Consequently, they are processed mechanically to be used as solid re-
covered fuels for energy recovery. This makes sense from an economic point of view
because plastics have a comparable energy content to heating oil [2]. In countries with
poorly developed waste management systems and without legislation demanding certain
recycling quotas, substantial shares of plastic waste are still landfilled.

1.2. Plastic Recycling in Austria

In the last decade, some progress has been made to shift the treatment of mixed plastic
wastes to a more circular economy approach. Whilst countries with poorly developed
waste management systems are catching up, ruling countries like Austria, Germany, and
Sweden have not been able to increase the proportion of polymer wastes in mechanical
recycling. This trend can be seen in Table 3, which shows the data for Austria’s plastic
waste treatment.

Table 3. Treatment options of plastic waste fractions in Austria from 2006 to 2016 [1].

Treatment Option
Proportion of Polymer Wastes (%)

2006 2008 2010 2012 2014 2016

Mechanical recycling 23 28 26 24 26 27
Energy recovery 69 65 71 75 73 72

Landfilling 8 7 3 1 1 1

It seems there is a limit in current plastic waste treatment, especially regarding me-
chanical recycling. Different reasons for this have been discussed in numerous papers like
“Mechanical and chemical recycling of solid waste” by K. Ragaert et al. [3]. The paper
gives an overview of the most common types of solid plastic waste (SPW) by their origin
(industry or consumer) as well as their possible further treatment according to significant
properties like homogeneity, contamination, and composition. The overview emphasizes
that most SPWs with known homogeneous composition and a low share of contamina-
tion are currently used for mechanical recycling. Such SPWs are predominantly so-called
post-industrial (PI) plastics, such as fall-out products, waste from production (cuttings and
trimmings), or residues from granulation [4]. In contrast, post-consumer (PC) plastics are
more heavily mixed, degenerated by their usage, and contaminated with organic fractions
like food waste or non-polymers like paper or metals [5]. Thus, their usage is limited to
energy recovery.

When looking at the status of the Austrian waste management system, it can be noted
that only about 13% of the SPWs in 2015 were of industrial or commercial origin [6] and
would therefore be suitable for mechanical recycling without further treatment.
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These facts translate to the current state of the art in industrial plants for waste plastic
recycling and processing in Austria. According to Bauer [7] and Kranzinger [6], of the
2.46 Mt of waste streams containing PC and PI plastics in 2015, about 1.3 Mt or 54%
were used for energy recovery in waste incineration plants like Spittelau in Vienna. The
remaining 46% were processed by four general types of industrial plants to recover plastics
for recycling or to be used as solid recovered fuels of different quality grades. The required
criteria according for these quality grades according to the Austrian Waste Management
Act are summarized in Table 4 [8]. As they mainly focus on calorific value, particle size,
and contamination, the processing in these four types of waste treatment plants will also
focus on improving these parameters.

Table 4. Criteria for different quality grades of solid recovered fuel according to the Austrian waste management act [8].

Criteria

Quality Grade of Solid Recovered Fuel

Power
Plant

Low
(Grate

Combustion)

Middle
(Fluidized-Bed
Combustion)

High
(Calzinator

Combustion)

Premium
(Primary

Combustion)

Furnace
Combustion

Calorific value (MJ/kg) 11–15 12–16 12–16 11–18 22–25 >25
Particle size (mm) <50 * <300 <20–100 <50–80 <10–30 <10 *

Oversize share (wt%) 0 <3 <2 <1 <1 0
Impurities share (wt%) 1 <3 <1 0 <1 0
Chlorine share (wt%) 1.5 <1 <0.8 <0.8 <0.8 <2

Ash share (wt%) 35 - <20 - <10 <10

* pelletized.

1.2.1. Packaging Waste Sorting Plants

Packaging waste sorting plants processed about 225,000 tons [6] or 9% of the Austrian
waste streams containing PC and PI plastics in 2015. The comparably homogeneous
feedstock is classified using screens or air separation to sort out big foil, which mainly
consists of polyolefins. The smaller particles are then separated into 2D and 3D fractions,
for instance, by ballistic separation. Flat and light particles like foils tend to accumulate in
the 2D fraction whilst heavy plastics, metals, glass, or ceramics are discharged in the 3D
fraction. The 2D particles are then separated by polymer type by a series of optical sorters.
For the share intended for mechanical recycling (about 35% of feedstock), additional
purification steps can be implemented; the remaining plastics are used as high to premium-
grade solid recovered fuels. The 3D particles are treated by magnetic and eddy-current
separation for metal recovery and then used as middle to low grade solid recovered fuels.

1.2.2. Mechanical Waste Splitting Plants

If mechanical waste splitting facilities for PI and PC plastics are added up, they
accounted for 665,000 tons [6] or 27% of Austrian waste streams containing plastics in
2015. These plants are characterized by consecutive steps of comminution, classification,
and metal recovery. When processing feedstocks that are rich in plastics and have lower
moisture contents due to a low biogenic share, air classification and optical sorters are
applied to recover middle to high-grade solid recovered fuels. Feedstocks containing
higher contamination with biogenic material are treated by consecutive sieves and air
classification to recover low to middle grad solid recovered fuels.

1.2.3. Mechanical-Biological Treatment Plants

Plastic waste streams with a significant biogenic share are treated in special mechanical-
biological plants. These plants processed about 240,000 tons [6] or 10% of the Austrian waste
streams containing plastics in 2015. Because of their high share of biogenic material like
food, additional steps for biodegradation are added to the standard mechanical treatment.
The waste material is fed into rotting tunnels, where it is moistened with water, ventilated
with air, heated up to 40–50 ◦C, and slowly rotated for days to weeks. As a result, the
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biogenic share is reduced, and low- to middle-grade solid recovered fuels, rotting gas for
energy recovery, and a stabilized fraction for landfilling can be recovered.

1.2.4. Solid Recovered Fuels Preparation Plants

These plants are mainly for processing pretreated fractions from packaging waste
sorting plants or other fractions considered as high-grade solid recovered fuels. In 2015
these plants processed about 123,000 tons [6] or 5% of the Austrian waste streams con-
taining plastics to generate high or premium-grade solid recovered fuels of consistent
quality. Since these plants use a pretreated feedstock mainly consisting of plastics, only
additional purification steps are conducted. Comminution, air classification, metal recovery
by magnetic and eddy-current separation, and sometimes optical sorting to reduce the
polyvinylchloride (PVC) share, and thus the chlorine load, are therefore implemented in
these plants.

1.3. Background of Research Activities

To stimulate mechanical recycling of PI and PC plastics despite technical obstacles
and most waste management systems being incineration centered, the European Union
proposed a directive for a circular economy. According to this directive, the proportion
of post-consumer plastics recycling shall be increased to 55% by 2025 [9]. To achieve this
ambitious goal, maybe another technical approach, namely chemical recycling, could be a
part of the solution.

A promising option to recycle more mixed waste plastics materially is feedstock or
chemical recycling via thermal cracking or pyrolysis, i.e., connected to a refinery. Once
liquefied by thermo-chemical conversion, the obtained hydrocarbon intermediates can
be easily treated by diverse state-of-the-art refining processes according to their chemical
and physical properties. At least they can be converted to ethylene and propylene, which
can be further used to synthesize new polyethylene and polypropylene again. As a
consequence, a plastic material cycle can be established which is capable of meeting the
ever-growing challenge of material aging and accumulation of aggregates. However,
decades of research and a multiplicity of failures indicate that plastic feedstock recycling
in thermo-chemical conversion units needs adequately prepared feedstock of specified
quality and high quantities.

Most of these failures were not due to technological limitations but rather for economic
reasons. The feedstock of the required quality and quantity could not be obtained at prices
that would enable a competitive process. Thus, a chemical recycling process—the so-called
thermo-chemical conversion—with rather low-quality requirements for its feedstock (see
Table 5) when comparing it to data of other known processes, according to Tukker [10] (see
Table 6), was developed. This development was paired with research on a supplementary
treatment process to ensure the long-term availability of the necessary feedstock.

Table 5. Feedstock requirements for thermo-chemical conversion [11].

Parameter Requirement

Particle size (mm) <30–40
Bulk density (kg/m3) 50–100
Calorific vale (MJ/kg) >30
Polyolefin share (wt%) >90
Impurity share (wt%) <10

Moisture (wt%) <20
Halogen share (wt%) <2
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Table 6. Feedstock requirements for different chemical recycling processes [10].

Parameter
Feedstock Requirements

Texaco 1 Polymer-Cracking 2 BASF 3 Veba Combi 4 SVZ 5

Mechanical Parameters

Particle size (mm) <10 20–1 - <10 80–20
Fines share (<250 μm) (wt%) <1 <1 - - -

Bulk density (kg/m3) >100 400–300 - >300 -
Moisture (wt%) <5 <1 - <1 -
Ash share (wt%) <6 5–2 - - <10

Plastics

Total plastic share (wt%) >90 95–90 - >90 -
Polyolefin share (wt%) - 80–70 - - -

PVC share (wt%) <10 4–2 <5 <4 <2
Polystyrene share (wt%) - 30–15 - - -

PET share (wt%) - 5–3 - - -

Impurities

Metal share (wt%) <1 <1 - <1 -
Paper share (wt%) <10 - - - -

1 Texaco Gasification Process; 2 Polymer Cracking Process; 3 BASF (Badische Anilin- & Soda-Fabrik) Conversion Process; 4 Veba Combi
Cracking Process; 5 SVZ (Sekundärrohstoff-Verwertungszentrum Schwarze Pumpe GmbH) Gasification Process.

This was the starting point for ten years of interdisciplinary research activities. The
Chairs for Process Technology and Industrial Environmental Protection, Mineral Processing
and Waste Processing Technology and Waste Management at Montanuniversitaet Leoben,
as well as industrial partners, tried to develop, investigate, and optimize such a novel
treatment process for mixed waste plastics. This treatment process should close the gap
between the already existing dry mechanic processing and a thermo-chemical conversion
in a refinery.

2. Materials and Methods

2.1. Feedstock

A broad variety of waste streams containing PC as well as PI plastics were taken
into consideration as potential feedstock. According to the Austrian waste management
plan 33, waste code numbers of such waste streams could be identified. To narrow them
down, three criteria were set to determine whether a waste stream could potentially serve
as feedstock:

1. The waste stream must be non-hazardous
2. The waste stream must have a share of polyolefins of at least 20 wt%
3. The waste stream must provide a mass flow of at least 20,000 t per year in Austria

(except material from landfill mining)

With these criteria, 16 waste code numbers could be identified as promising feedstock,
which were assorted into 6 feedstock groups: plastic foils, plastic containers, lightweight
packaging, substitute fuels, rejects from paper recycling, and landfill mining. The latter
feedstock was added due to its environmental importance (with an estimated 2.2 Mt in
Austrian landfills [12]) even though no mass flow per year, as well as no share of polyolefins,
could be specified. A detailed table of these feedstocks can be found in [12].

Samples of these 6 groups were collected in different Austrian waste processing
facilities and examined for their suitability. By gathering additional data from waste
companies, treatment facilities, and literature and combining them with the results of
examinations, a review of the total polyolefin-rich waste streams emerging in the Austrian
waste system could be achieved. According to Kranzinger [6], as can be seen in Table 7,
more than half of the Austrian waste polyolefins were of municipal origin. Additionally,
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considerable amounts of industrial and commercial sources representing at least 430,000
tons per year in 2015 [6] could be used. (Potential feedstock from landfill mining was not
taken into consideration for this estimation.) The most apparent difference of these sources
is their polyolefin share which is comparatively high for industrial wastes. Of these 430,000
tons, only 60,000 (~15%) are mechanically recycled, according to this analysis.

Table 7. Available post-consumer polyolefins in Austria in 2015 [6].

Source Total Amount (t/y) Polyolefins (t/y) Polyolefin Share (wt%)

Municipal 1,656,600 238,100 14
Commercial 600,000 84,000 14

Industrial 199,600 106,900 54

t/y: tons per year.

Samples of different waste streams (solid recovered fuels, mixed plastics, rejects from
paper recycling, landfill mining, etc.) were prepared for treatment in the erected lab-scale
plant by shredding them to a particle size of <20 mm because of the large number of input
materials from different waste processing plants all over Austria three feedstocks were
chosen as representatives and are further discussed in this paper.

Pictures of these three samples representing a feedstock with a high (A), middle (B),
and low (C) share of polyolefins can be seen in Figure 1. Table 8 depicts their determined
average mass fraction of polyolefins (wPO) and the eightieth percentile of the particle size
distribution; particle size of 80% cumulative passing (p80).

 

Figure 1. Waste fraction A, B, and C (left to right) [13] (Reproduced with permission from Schwabl D.; Proceedings of tenth
“Recycling und Rohstoffe” Conference published by TK-Verlag, Berlin, 2017).

Table 8. Parameters of representing feedstock samples for high (A), middle (B), and low (C) share of polyolefins [13].

Waste Fraction Origin Composition p80 (mm) ¯
wPO (wt%)

A Lightweight packaging 2D and 3D plastics with superficial
contamination 7.8 55.8

B Middle-grade
substitute fuels

2D and 3D plastics, polystyrene, wood, and
paper textiles 9.8 34.4

C Landfill mining Soil, wood, paper, textiles, and plastics 10.9 11.8

p80: particle size of 80% cumulative passing; wPO: average mass fraction of polyolefins.

2.2. The Lab-Scale Plant

A lab-scale plant was built to examine the possibility of recovering polyolefins from
the determined feedstocks. The plant basically consisted of two core components, which
each conducted a certain kind of density separation to recover a light (LF), middle (MF),
and a heavy fraction (HF), as can be seen in Figure 2.
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Figure 2. Density ranges of common components of mixed waste fractions and their respective product of the separation
process [14].

2.2.1. Jig

The first separation step was conducted by a jig to partition heavy impurities like
glass, metals, stones, and ceramics from light impurities and the contained plastics. The jig,
as can be seen in Figure 3 on the left, which consisted of a stationary upper and movable
lower tray. The former was equipped with a screen lining to collect the fed particles, and
the latter executed an alternating up and down movement driven by an eccentric gear
to generate a periodical upstream when filled with water. Consequently, the induced
upstream scatters the particles in the bed and starts layering them according to their initial
drop acceleration, which is mainly a function of particle size, shape, and density. In the
case of considered post-consumer plastics, particle density is the dominant factor due to
the plastics’ huge density difference compared to other impurities. In the different density
layers, the plastics concentrate in the upper and the impurities in the lower ones. Using
a barrage, the plastics are transferred into the inter-fraction (IF) and the impurities into
the heavy fraction (HF). Because the jig was constructed for mineral processing, it was
suitable for abrasive materials and high throughputs. As a secondary effect, the particles
of the IF are moistened and washed. This is beneficial to the second separation step due
to the enhanced miscibility of these particles with the separation medium and the lower
contamination of the used separation medium.
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Figure 3. Function principle of the core components: Jig (left) and centrifugal force separator [13] (right) (Reproduced
with permission from Schwabl D.; Proceedings of the tenth “Recycling und Rohstoffe” Conference published by TK-Verlag,
Berlin, 2017).

2.2.2. Centrifugal Force Separator

In the second separation step, the polyolefins should be recovered from the IF, consist-
ing basically of light impurities and mixed plastics. As can be seen in Figure 2, this can
be done by density separation using water as a separation medium. A study of different
density separation apparatuses [5] found a so-called centrifugal force separator (CFS) after
the LarCoDeMS (Large Coal Dense Media Separation) -model, to be the most suitable for
this step.

A CFS (as depicted in Figure 3, on the right) generally consists of an inclined cylinder
with 4 tube-guided streams in and out of the separator. The feed material is separated
by sink-/float-separation in a centrifugal field, thus having higher throughput than a
sink-/float tank only using gravity. These centrifugal forces are induced by the separation
medium, which is pumped into the separator tangentially at the lower end. Due to the
shape of the CFS, the separation medium builds up a medium vortex with an air core
and leaves the separator tangentially at the upper tangential outlet. The IF enters the
separator axial from the upper central tube directly into the air core. The particles mix
with the rotating separation medium, which induces centrifugal forces of about 15 times
gravity. Particles with a higher density than the separation medium sink into the fluid and
are dragged to the upper tangential outlet. There the particles exit the CFS as a middle
fraction (MF) consisting of heavy plastics like polyethylene terephthalate (PET) or PVC and
light impurities like paper and textiles. Particles with a density lower than the separation
medium stay near the interface of the air core and the rotating fluid. Due to the inclination
of the CFS, these particles are discharged with a small amount of the separation medium
in the light fraction (LF), mostly consisting of polyolefins. The MF and LF are discharged
onto separated compartments of a dewatering screen. The collected process water is stored
in a basin and recirculated to the CFS.

2.2.3. Function Principle of the Lab-Scale Plant

The flow chart of the final construction of the lab-scale plant can be seen in Figure 4.
As mentioned, the feed of mixed waste fractions must be shredded to a particle size of
20 mm or less to prevent plugging. The samples were fed to the jig via a vibrating feeder
to guarantee a continuous material input stream and adjust its quantity. The feedstock
sample was separated by density layering as mentioned above, and the HF and IF were
discharged. Both fractions were dewatered afterward by the dewatering screen with a
separate compartment for each fraction.
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Figure 4. Flowchart of the lab-scale plant [14].

The lab-scale plant was only equipped with one water-circuit consisting of a pump
with bypass control, a storage tank, and a dewatering screen. Thus, the jig and the CFS
could not be operated in parallel. Consequently, after all the feedstocks had been processed
by the jig, the IF was fed to the CFS. The CFS separated the MF and the LF, which were
both again dewatered by the dewatering screen. If the desired share of polyolefins in the
LF was not achieved, the generated fractions were processed multiple times in the CFS for
further purification.

To summarize, the lab-scale plant can recover an HF fraction comprised of heavy
impurities (glass, stones, ceramics, and metals), an MF (paper, rubber, and heavy plastics),
and an LF (polyolefins) from different feedstock materials. The plant could process 50 to
200 kg of material per hour, depending on its bulk density. The operating parameters used
for the jig and the CFS are summarized in Tables 9 and 10. These operating parameters
were defined by preceding experiments [15,16].

Table 9. Operating parameters of the jig.

Parameter Setting

Water pressure 1 bar
Water flow 16 m3/h

Inclination of screen lining 4◦
Lifting frequency 120 min−1

Lifting height 20 mm
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Table 10. Operating parameters of the centrifugal force separator (CFS).

Parameter Setting

Water pressure 0.2 bar
Water flow 25 m3/h

Inclination of CFS 40◦

3. Results

3.1. Experimental Results

In the main test series regarding the recovery of polyolefins from different feedstocks,
up to 50 kg of total input materials were processed in the lab-scale plant. The samples were
processed as described in Section 2.2.3, with the exception that the LF was processed a
second time with the CFS for further purification. All recovered fractions were examined
by sink-/float-separation and drying at 80 ◦C to determine the share of polyolefins as well
as the water content subsequently. Further samples of the main and by-products, as well
as the process water, were examined for their pollution burden. Samples of the products
were also analyzed chemically to figure out their calorific value. Further data from these
analyses can be found in [14]. The data of the recovery of the polyolefins for the three
representative samples are summarized in Table 11; a related flow chart can be seen in
Figure 5. The results of the individual separation steps are shown in Tables 12–14.

Table 11. Mass fraction of feed (wFeed), heavy (wHF), middle (wMF) and light fraction (wLF) and
corresponding polyolefin fraction(wPO) of the test series at the lab-scale plant for feedstocks with a
high (A), middle (B), and low (C) initial polyolefin share.

Waste
Fraction

Feedstock 1 Heavy Fraction Middle Fraction Light Fraction

wFeed (wt%)
wHF

(wt%)
wPO

(wt%)
wMF

(wt%)
wPO

(wt%)
wLF

(wt%)
wPO

(wt%)

A 53.4 26.3 0.2 19.3 3.0 54.4 97.0
B 31.5 49.6 0.5 18.0 5.1 32.5 93.4
C 21.0 46.7 0.7 32.6 6.7 20.7 89.6

1 wPO differs from Table 7 because of the difference in sample size and examination.

Figure 5. Flow chart of the conducted experiments; CFS I (centrifugal force separator’s first pass), CFS II (centrifugal force
separator’s second pass), HF (heavy fraction), MF (middle fraction), and LF (light fraction).
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Table 12. Mass fraction of the feed (wFeed), heavy (wHF) and inter fraction (wIF) and corresponding
polyolefin fraction(wPO) of the jig for feedstocks with high (A), middle (B), and low (C) initial
polyolefin share.

Waste
Fraction

Feedstock 1 Heavy Fraction Inter Fraction

wFeed (wt%) wHF (wt%) wPO (wt%) wIF (wt%) wPO (wt%)

A 53.4 26.3 0.2 73.7 72.4
B 31.5 49.6 0.5 50.4 62.0
C 21.0 46.7 0.7 53.3 38.8

1 wPO differs from Table 7 because of difference in sample size and examination.

Table 13. Mass fraction of the inter (wIF), first middle (wMF I) and first light fraction (wLF I) and
corresponding polyolefin fraction(wPO) of the first CFS for feedstocks with high (A), middle (B), and
low (C) initial polyolefin share.

Waste
Fraction

Inter
Fraction

Middle Fraction I Light Fraction I

wIF (wt%) wMF I (wt%) wPO (wt%) wLF I (wt%) wPO (wt%)

A 72.4 23.7 1.8 76.3 94.3
B 62.0 5.5 9.9 94.5 65.0
C 38.8 44.9 1.7 55.1 69.0

Table 14. Mass fraction of the first light fraction (wLF I), second middle (wMF II) and second light
fraction (wLF II) and corresponding polyolefin fraction(wPO) of the second CFS for feedstocks with
high (A), middle (B), and low (C) initial polyolefin share.

Waste
Fraction

Light
Fraction I

Middle Fraction II Light Fraction II

wLF I (wt%) wMF II (wt%) wPO (wt%) wLF II (wt%) wPO (wt%)

A 94.3 3.5 13.2 96.7 97.0
B 65.0 31.9 4.3 68.2 93.3
C 69.0 29.5 19.8 70.5 89.6

3.2. Business Case

As the results of the test series conducted with the lab-scale plant were very promising,
a business case for an industrial pilot plant was designed and evaluated from an economic
point of view. Knowing that former processes and plants failed due to economic rather
than technical reasons, it was deemed vital to also focus on this challenge.

This evaluation was based on the experimental as well as additional data from lit-
erature [17–20] and interviews with experts from the waste processing industry and the
Montanuniversitaet Leoben. The plant was designed for a throughput of 95,000 tons per
year of mixed plastic waste with an average polyolefin share of 25.5 wt%. Moreover, the
estimation hypothesizes 3500 h of operation per year, producing 25,000 tons per year of a
90 wt% pure polyolefin flake. These and further basic parameters for the business case are
depicted in Table 15.
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Table 15. Material and production parameters for the business case.

Feedstock Polyolefin Flakes

Mass stream (moist)
95,000 t/y 25,000 t/y
27.1 t/h 6.2 t/h

Water content 15.0% 15.0%

Mass stream (dry) 82,500 t/y 21,800 t/y
23.6 t/h 6.2 t/h

Polyolefin fraction 25.5 wt% 90.0 wt%
Mass fraction 100.0 wt% 26.4 wt%

3.2.1. Plant Design

The basic design of the plant can be seen in Figure 6, which consisted of optional dry
processing and wet-mechanical processing units. The dry processing unit was optional
because, in many currently operating waste processing facilities, this part already exists
(compare Section 1.2). Thus, the following discussion will focus only on the plant’s wet-
mechanical processing section.

The incoming feedstock from the dry processing facility was placed into a dosing
bunker to cope with material throughput fluctuations and to supply the plant with a steady
mass stream of input material. The feedstock was firstly treated by a flip-flop screen to
separate small particles as well as fine biological and mineral impurities. This fine fraction
must be separated prior to the wet processing steps to reduce the formation of sludge.
Afterward, the feedstock was processed by sensor-based sorting devices to eject the PVC-
plastics and decrease the chlorine burden. The latter processing step could be neglected
if the feedstock is low in PVC. The data for the optical sorter was based on the findings
in [21] can be seen in Table 16.

Figure 6. Flow chart of the designed industrial pilot plant [22] (Reproduced with permission from Schwabl D.; Proceedings
of the fifteenth Recy and DepoTech-Conference; published by Chair of Waste Processing Technology and Waste Management
(Montanuniversitaet Leoben; 2020).
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Table 16. Operating parameters of the assumed NIR (Near Infrared) sorter.

Type Redwave Multiplexer

Manufacturer REDWAVE Waste GmbH
Wavelength 1000–2500 nm
Light stripes 64

Scanning frequency 50 Hz
Bandwidth 1 m

After these separation steps, the wet-mechanical processing section consisting of a jig
and two CFS was conducted. The preprocessed material was fed to the jig and separated
into the HF and IF as outlined in Section 2.2.1. The HF was dewatered and passed through
an additional magnetic and eddy current separator to recover ferrous and non-ferrous
metals. The IF can be comminuted by a secondary shredding step to adapt the particle size
before entering the CFS if necessary. In the CFS, the IF was separated into the LF and HF
by density separation, as described in Section 2.2.2. The LF and MF were discharged into
centrifuges and dewatered for further use.

All accruing process waters from dewatering were collected and treated by removing
sludge and small particles before being recirculated. The process water of the CFS, as
well as the watering of the MF and LF, were recirculated to a separate water circuit from
the process water of the jig and the dewatering of the HF. This was due to the higher
contamination with sludge and fine particles, which could otherwise shift the required
density of the CFS’ separation medium. Despite these measures, about 10% of the process
water had to be replaced every hour.

3.2.2. Economic Evaluation

Following the described design, a plant with a throughput of 95,000 tons of mixed
waste material per year would require a capital expenditure of about 4 million € for the
basic equipment (Table 17 shows their distribution to the different plant sections). As can be
seen in Table 17, the dewatering and sensor-based sorting sections are the most expensive
ones. To calculate the total capital expenditure, supplement factors were used to include
costs for site area, buildings, pipes, measurements and controls, electrics, maintenance
sites, construction, engineering, permits, and contingencies. According to M. Peters and
K. Timmerhaus [20], these supplement factors sum up to 250% for such a combined dry
and wet processing plant. Therefore the total capital expenditure could be estimated as
10 million € if planned in a green-field scenario without additional water treatment.

Table 17. Capital expenditure for equipment per plant section.

Plant Section Share of Equipment Costs (%)

Feeding 1.8
Sieving 6.0

Optical sorting 31.3
Jig and metal recovery 10.0
Secondary shredding 10.8

CFS and steel construction 4.5
Dewatering 31.8

Process water treatment 4.0

Knowing the total capital expenditure, it was possible to calculate the operational costs
of the designed plant. If operated with two shifts for five days a week, these costs could be
estimated to be 150 € per ton of feedstock or 37.5 € per ton of light fraction, respectively.
The distribution of the operational costs per section can be seen in Table 18.
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Table 18. Operational expenditure per section.

Section Share of Operational Costs (%)

Plant depreciation 35.2
Water supply 16.0

Wastewater disposal 13.6
Maintenance 8.1

Staff 17.3
Energy 9.8

To determine if such a plant could be operated economically, the potential income and
costs of the feedstock, main products, and by-products must be considered according to
their expected mass shares. Table 19 shows this estimation according to income (negative
sign), costs (positive sign), and the input and output streams’ mass share. When these
incomes and costs were summed according to the expected mass-share, an income of
54.1 € per ton of manufactured light fraction (output perspective) or of 205.5 € per ton of
processed feedstock (input perspective) could be estimated.

Table 19. Income and costs of the feedstock and produced main and by-products.

Material Stream Mass Share (%) Usage
Income/Costs (€/t) Per Ton of

Material Feedstock LF

Homogeneous residues 23 - −50 1 −11.5 −43.7
Heterogeneous residues 77 - −75 1 −57.8 −219.5

Ferrous metals 3 Mechanical recycling −105 2 −2.9 −11.0
Non-ferrous metals 2 Mechanical recycling −550 2 −10.1 −38.3

PVC-concentrate 2 Thermal disposal 200 3 3.7 13.9
Light fraction (LF) 25 Chemical recycling 0 4 0.0 0.0

Middle fraction (MF) 51 Energy recovery 20 5 10.3 39.0
Heavy fraction (HF) 9 Landfilling 35 5 3.2 12.2

Fine fraction 5 Thermal disposal 80 5 3.7 13.9
Sludge 4 Thermal disposal 200 3 7.3 27.9

Total −54.1 −205.5
1 Deducted from common co-payments for secondary fuels; 2 Deducted by interviews with scrap dealers and literature; 3 Estimation
for disposal in an incineration plant; 4 Price is unknown and therefore set to 0; 5 Estimation by interviews with plant operators and
literature [17–20].

By subtracting the operational costs of the income derived from the feedstock, by-
products, and main products, a possible profit of about 16.6 € per ton of feedstock or 55.5 €
per ton of light fraction could be estimated. With these values, the amortization time of
the designed plant could be assessed to be around six years using a discounted cash-flow
method.

4. Discussion

Regarding the results of the test series conducted with the lab-scale plant, the recovery
of a polyolefin-rich light fraction (LF) by using the combination of a jig and two centrifugal
force separators could be accomplished. The polyolefin share of these LF was at least
90 wt% whether a feedstock with high (>50 wt%), middle (50–30 wt%), or low (>30 wt%)
initial share was used. This indicates that the discussed process should be suitable to
recover polyolefins from a broad variety of feedstocks for chemical recycling by thermo-
chemical conversion. However, the initial polyolefin share will determine the resulting
proportion of middle (MF) and heavy fractions (HFs). If only a single feedstock with
consistent composition rather than a mixture is used, it should also be assessed if all three
separations stages are necessary. For instance, feedstocks with very few heavy impurities
like metals, glass, and stones would probably not require a jig.
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A plant using this technology and processing 95,000 t/y of mixed waste fractions
features a capital expenditure of 10 million € in a rough estimation for a green-field scenario.
This capital expenditure could be reduced by 1.2 million € if the processing step for sensor-
based separation of PVC is not necessary. Additionally, about 30% of the capital expenditure
could be cut if the plant was not built as a green-field scenario but as an expansion of an
existing site. If the produced wastewater would exceed local wastewater treatment plant
capacities, an additional 2 million € would be needed for the construction of such a facility.

The operational costs of such a plant are mainly influenced by the number of opera-
tional hours changing the amount of specific material throughput. A continuous operation
of the plant would, for example, cut the operational costs by 33%. Of course, the biggest
influence lies within the unknown income or costs of the light fraction. Hence it can be
expected that the LF would generate a least a small revenue; this would substantially
improve the economic basis of such a plant and, by that, lower the payback period from
the calculated six to around four years.

With these combined results, the construction of such a pilot plant can, in principle,
be recommended from an ecological as well as an economic point of view. However, a
comprehensive assessment of the compositions and long-term availability of the intended
feedstock will have to be conducted to get a sufficient basis for decision-making.
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Abstract: Increasing occurrences of waste fires that are caused by improperly discarded lithium-
based portable batteries threaten the whole waste management sector in numerous countries. Studies
showed that high quantities of these batteries have been found in several municipal solid waste
streams in recent years in Austria. This article reveals the main influence factors on the risk of
lithium-based batteries in their end-of-life and it focuses on the quantification of damages to portable
batteries during waste treatment processes. Hazards are identified and analysed and potential risks
in waste management systems are comprehensively assessed. In two scenarios, the results showed
that the potential risks are too high to maintain a sustainable form of waste management. According
to the assessment, a small fire in a collection vehicle is located in the risk graph’s yellow region (as
low as reasonably practicable, ALARP), while a fully developed fire in a treatment plant has to be
classified as an unacceptable risk (red region of risk graph). Finally, basic recommendations for action
were made.

Keywords: risk modelling; portable batteries; lithium batteries; fire hazards; waste management

1. Introduction

1.1. Background

In Austria and other European countries, like Germany, France or Sweden, the oc-
currences of waste fires has increased enormously in the last years [1–3]. The subsequent
monetary and infrastructural losses have reached a new peak and they are threatening the
whole waste industry sector [4].

Recent research showed that high amounts of portable batteries are improperly dis-
carded in different municipal solid waste streams, such as residual household waste,
lightweight packaging waste, or metal packaging waste [5]. While there is a plethora
of different electrochemical systems, the average distribution is shifting more and more
towards metal lithium and lithium-ion. That shift is accompanied by increased fire hazards
and other safety challenges all along the value chain in the batteries’ end-of-life.

1.2. Battery Content and Battery Composition

In Austria, the collection rate for portable batteries sank from 55% in 2015 to 45%
in 2017 and it has stayed on that low level ever since [6,7]. A lot of the batteries that are
not collected properly are falsely disposed in different municipal solid waste fractions [5].
Material flow analysis revealed that: (1) about 718 tonnes end up in residual household
waste, (2) about 41 tonnes in lightweight packaging waste, and (3) about 17 tonnes in metal
packaging waste.

For material flow analysis (MFA), [4] investigated the battery content and battery compo-
sition of the following waste streams: (1) residual household waste, (2) lightweight packaging
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waste, and (3) metal packaging waste. In addition to the quantitative weight-related values
for MFA, particle-related data were published in [4] and they are given in Table 1.

Table 1. Particle-based data for portable and lithium batteries in various municipal waste streams (data from [4]).

Waste Streams
Waste Generation

2016 [t]
Portable Batteries

[items/t]
Portable Batteries

2016 [items]
Lithium Batteries

[items/t]
Lithium Batteries

[items]

Residual waste 1,436,700 20 28,734,000 1 1,436,700
Lightweight packaging waste 156,700 14 2,193,800 0.8 125,360

Metal packaging waste 30,000 33 990,000 1 30,000

1.3. Hazards of Lithium-Ion Batteries in End-of-Life

Lithium-ion batteries may undergo thermal runaway and uncontrolled heat release
when they are electrically (e.g., over-charged, deep discharged), mechanically (e.g., pen-
etration, crushing, vibration), or thermally (e.g., externally heated) damaged due to the
increased energy density [8,9]. Hence, they may act as ignition sources leading to fire inci-
dents during waste management processes, especially in the case of thermal or mechanical
abuse [4].

According to [10], even severe crushing of cells that are below approximately 50%
state-of-charge (SOC) will not lead to a severe reaction. Golubkov et al. [11] further
investigated the influence of SOC on the thermal runaway behaviour of the two lithium-
ion battery subtypes and found out that, after thermal abuse, lithium-ion cells with
Lix(Ni0.80Co0.15Al0.05)O2 cathodes (NCA) displayed an unmistakable thermal runaway
when SOC was ≥25%. In the same way, lithium-ion cells with LixFePO4 cathode (LFP)
showed mild exothermic reactions when the SOC was ≥25% and pronounced thermal
runaway when SOC was ≥50%. Liu et al. [12] revealed that lithium-ion batteries with a
lithium nickel manganese cobalt oxide cathode (NMC) show thermal runaway behaviour
when the SOC is ≥25%.

Furthermore, due to significant differences in safety performance, waste batteries
impose a higher safety hazard than new batteries, the majority of which are thoroughly
tested before market input [8].

1.4. State-of-Charge

Based on that, ref. [13,14] shed light on the distribution of SOC in end-of-life portable
lithium-based batteries. ref. [13] found out that 11.4% of tested lithium-based batteries
showed an SOC that was higher than 25% in the end-of-life. However, it is unknown how
many batteries or cells were tested in the study. According to the results of [14], where
980 batteries were analysed, approximately 24% of the tested batteries showed an SOC
higher than 25% (Table 2).

Table 2. Distribution of state of charge (SOC) of end-of-life lithium-ion batteries.

Share of Batteries/Cells with
SOC ≥ 25%

Share of Batteries/Cells with
SOC ≥ 50%

Number of Batteries/Cells
Analysed

Reference

11.4 4.9 NA [13]
23.6 12.0 980 [14]

1.5. Risk Analysis and Risk Assessment

Risk may be defined as consequences and its associated uncertainty or the combination
of frequency or probability of occurrence and the severity or extent of damage [15]. When
considering waste fires as the generalised hazard, the probability of an occurring fire
incident is the first term, the expected financial losses the second term of the equation
(Equation (1)):

R = probability o f f ire incident × (expected) loss in case o f the incident (1)
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If not, a single event is considered, but the sum of risks (e.g., for a single waste
management company or the whole waste industry), Equation (2) is applied:

R = ∑
f or all

incidents

probability o f f ire incident × (expected) loss in case o f the incident (2)

1.6. Study Objectives

The article presents a new method for risk evaluation and the assessment of portable
batteries and. especially, lithium-based batteries in waste management systems strongly
focused on the first term of Equations (1) and (2).

The following research questions are answered:

1. What are the primary influence factors regarding the risk of portable batteries in
waste management systems?

2. What are the qualitative hazards of portable batteries in different waste manage-
ment systems?

3. What are the quantitative risks of portable batteries in different waste manage-
ment systems?

2. Materials and Methods

Risk analysis is the systematic use of information in order to identify hazards and
estimate risks to individuals, property, and the environment. There are three main steps in
the analysis of risks: (1) hazard identification, (2) frequency analysis, and (3) consequences
analysis [16].

Because the exact number of fires triggered by lithium-ion batteries is not even ap-
proximately known [1], no direct probability of occurrence can be achieved [13]. Therefore,
an alternative approach is taken in this study to quantify the risks of lithium-ion batteries
in waste management systems.

The probability of a battery-caused fire incident (FIBC) can be expressed as the prod-
uct of two terms: (1) the probability of the presence of a hazardous battery and (2) the
probability of critical damage done to the present battery (Equation (3)):

FIBC = P(presence o f a hazardous battery) × P(critical damage to the present battery) (3)

Figure 1 displays the overall approach and the boundaries of this study. After the
basic step of literature research, two different workflows were followed. The first was
covered by two previous publications and it is about the presence of a hazardous battery;
the second, is about the critical damage done to a present battery (which, consequently,
leads to a battery-caused fire) and it is covered by this study. Afterwards, the results are
combined in the overall risk modelling and assessment.

 
Figure 1. Overall approach and boundaries of this study (grey box).

More specifically, the first part of Equation (3) depends on the following influence fac-
tors (upper part of Table 3): (1) battery content in the respective waste stream [items/tonne],
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(2) percentage of lithium batteries within these batteries (both [5]), and (3) the percentage
of lithium batteries that contain a critical state of charge (SOC) [13]. The second part of the
equation depends on the (1) number and intensity of potential damaging incidents, (2) the
size and shape of the respective batteries, and (3) the energy content of the batteries and
ambient conditions (lower part of Table 3).

Table 3. Overview of the relevant influence factors on the presence of a fire-hazardous battery (1.1–1.3) and on critical
damage to the present battery (2.1–2.3).

Number Influence Factor Reference

(1.1) Battery content in waste stream [5]
(1.2) Battery composition (share of Li-based batteries) [5]
(1.3) Share of Li-based batteries containing critical state-of-charge [13,14]

(2.1) Amount and intensity of potential damaging incidents this study
(2.2) Size and shape of respective portable batteries this study
(2.3) Energy content of the respective portable batteries and the surrounding conditions this study

The parameters (1) the degree of damage, (2) size, and the shape (construction type)
of the portable batteries were investigated for this study. Portable batteries that were
collected during waste sorting and the characterisation campaign of the input fractions
residual waste, lightweight packaging waste, metal packaging waste (compared to previous
publication of [5]), and commercial waste and specific output waste fractions (of treatment
plants for residual waste and lightweight packaging).

2.1. Degree of Damage

In Table 4, the description of the defined damage classes (DC) and respective degree
of damage is given. DC 1 to 3 are considered as minorly damaged and DC 4 to 7 as majorly
damaged. The classification was made visually during the manual documentation of the
portable batteries in the laboratory. Sample pictures of the damage classes of portable
batteries are given in Supplementary Materials.

Table 4. Overview of damage classes and description of the degree of damage.

Damage Class Degree of Damage

DC 1 Undamaged or slightly scratched
DC 2 Superficially damaged (e.g., label torn off), slightly deformed (<10 vol.-%)
DC 3 Slightly deformed (<50 vol.-%), outer shell undamaged
DC 4 Severely deformed (>50 vol.-%), outer shell undamaged
DC 5 Deformed, outer shell damaged
DC 6 Crushed, destroyed

DC 7 Heavily bloated or post-thermal runaway

Thereafter, the distribution of the degree of damage in the investigated waste fractions
was used in order to model the potential damages, the portable batteries must endure
between both (1) the intention to dispose of and the arrival at the waste treatment site and
(2) the arrival at the treatment site and after running through the treatment process. Because
of financial and time restraints, this was done for the fractions of residual household waste
and lightweight packaging waste only.

As a background reference for the degree of damage that is occurring already dur-
ing the use phase, the separated collection of portable batteries was also sampled and
investigated accordingly.
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2.2. Size and Shape of Batteries

The size was measured as the maximal edge length (mm) of the portable batteries,
and the shape (the construction type, e.g., round cell, button cell, prismatic cell, and pouch
cell) of the portable batteries was documented. These parameters are considered to have an
influence on the likelihood of critical damage (causing a waste fire). Hence, the distribution
patterns of these parameters were investigated and documented.

2.3. Energy Content and Surrounding Conditions

When considering the various possible scenarios, the exact thermodynamic modelling
of the potential ignition of waste that is caused by a portable battery must be based on
many parameters. Thus, many underlying assumptions would be necessary.

For example, the ignition temperature of different plastic types ranges from 350 ◦C
(polyethylene) to 580 ◦C (polytetrafluoroethylene) [17]. Furthermore, [18] presented sig-
nificantly lower values for the initial combustion temperature for plastics (254–354 ◦C)
and paper materials (240–260 ◦C). Golubkov et al. [11] showed that these temperatures
are easily met when lithium-ion batteries (of type 18650) with an SOC >25% (for NCA)
or SOC >50% (for LFP) undergo thermal runaway. However, it is known that a lower
heating rate provides a lower ignition temperature, and vice versa [19]. A significant
discrepancy in that regard can be seen, as [16] used a constant heating rate of 20 K/min. for
defining the ignition temperature. Jhu [20] showed, under adiabatic conditions in a closed
test can, that the peak temperature of the thermal runaway reaction of a fully charged
18650 lithium-ion cells is able reach its maximum temperature of 654.3 ◦C in 0.49 s starting
from 125.2 ◦C. In these experiments, four cells from different worldwide battery producers
have been investigated.

Regarding the released energy from the runaway reaction, [21] measured 102 to
218 kJ per Ah, depending on cell chemistry and respective SOC for LFP and NMC cells.
Consequently, a typical lithium-ion cell (type 18650, 2.6 Ah) would release thermal energy
in the range of 265 and 567 kJ. This energy can easily ignite various waste materials; still,
the duration of the thermal runaway and ambient parameters will influence the ignition’s
success. The two main types of parameters can be distinguished between battery- and
ambient-based.

The battery-based parameters depend on the type and SOC of the battery and they
affect the following:

• the thermally convertible energy content of the battery,
• the reaction rate and temperature rise, and
• the heat release rate of the reaction.

Ambient-based parameters are:

• the ambient temperature,
• the distance between battery and other waste material,
• the moisture content of air and waste material,
• the composition of the surrounding waste material,
• the specific heat capacity and transfer coefficients, and
• the geometry of the loose or bulk material.

2.4. Risk Modelling and Assessment

Regarding risk modelling, the following assumptions were made:

• A stable content of portable batteries in the waste streams was assumed in the observed
(2016) and projected period (2020) (cf. influence factor 1.1 of Table 3).

• Regarding the estimation of the risk potential in 2020, the content of lithium-based
battery was assumed to raise (1) from one to two items/tonne for residual house-
hold waste and from (2) 0.8 to 1.5 items/tonne for lightweight packaging waste (cf.
influence factor 1.2 of Table 3).
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• Because of methodological reasons, only lithium-ion batteries were tested for their
SOC in the end-of-life [13]. It is assumed that the SOC of primary lithium batteries
generally follows the same pattern. Hence, the distribution pattern of the investigated
batteries was applied to all lithium-based batteries (cf. influence factor 1.3 of Table 3).

• The number and intensity of potential damaging incidents, which was derived from
the degree of damage of the investigated portable batteries (n = 848), is assumed to be
representative for the lithium-based batteries, which were not found in high numbers
(n = 66) (cf. influence factor 2.1 of Table 3).

• Portable batteries that are below a specific size are less likely damaged, due to (1) their
relatively small maximal edge length and (2) their preferable mass-ratio of battery
casing to active material. Furthermore, regarding the shape (construction type) of
portable batteries, it is assumed that the stability of cells against mechanical abuse
is as follows: button cells >> round cells/batteries, prismatic cells/batteries, battery
packs >> pouch cells/batteries. The assumed correction factors for size and shape
were chosen accordingly (cf. influence factor 2.2 of Table 3).

• It is assumed that a battery undergoing thermal runaway or uncontrolled heat release
is causing waste ignition and a sustained spreading of fire in 10% of the cases. In the
other 90%, it is assumed that either (1) the respective battery did not have enough
energy to ignite flammable material, (2) there was not enough flammable material to
be ignited, or (3) the flammable material could not sustain a chemical chain reaction
and self-extinguished (cf. influence factor 2.3 of Table 3).

• For risk modelling, the generated amounts of waste (of residual waste and lightweight
packaging waste) were taken for the year 2016, according to [22], and extrapolated
accordingly from the data 2012–2018 for the year 2020 [23].

The probability of occurrence followed typical grading schemes for risk graphs/risk
matrices (e.g., as low as reasonably practicable, ALARP) e.g., [13,24]:

The probability of occurrence:

• likely <1:100;
• rarely 1:100—1:1000;
• very rarely 1:1000—1:10,000;
• unlikely 1:10,000—1:100,000;
• very unlikely 1:100,000—1:1,000,000; and,
• extremely unlikely >1:1,000,000.

Property damage/losses:

• negligible no noticeable consequences of fire;
• minor no appreciable fire damage;
• severe low property damage;
• major high property damage; and,
• catastrophic very high property damage/

3. Results

Table 5 shows the identification and risk assessment of the possible hazards and
threats of portable batteries for different facility areas or processes along the value chain of
a residual household waste system.

3.1. Damage Degree

Table 6 presents the distribution of investigated portable batteries’ maximal edge length.
The main findings are:

• It is relevant to mention that many of the investigated portable batteries have just
two well-known form factors: AA and AAA. That is why the high frequencies of the
maximal edge length intervals are 30.0–44.9 mm and 45.0–59.9 mm.

• Small portable batteries (maximal edge length <30 mm) have a relatively low share of
the DC 4 to 7.
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• Larger portable batteries (maximal edge length >30 mm) show a relatively high share
of the DC 4 to 7.

Table 5. Qualitative risk assessment of possible hazards and threats of portable batteries (waste stream: residual household waste).

Facility Area/Process Possible Hazards and Threats Risk Assessment

Collection bins Damage due to external short-circuit low

Loading activity Damage due to external short-circuit low

Collection vehicle Mechanical damage due to compaction medium

Unloading activity Mechanical damage due to tip-off low

Waste bunker/input storage Damage due to external short-circuit
Damage due to external heating (self-heating of waste) medium–high

Waste transfer activity Mechanical damage due to (wheel) loader or gripper medium

Treatment facility

Mechanical damage due to pre-shredding process
Mechanical damage due to post-shredding process

Dangerous heat generation after damage
Carry-over through the processing facility

high–very high

Output storage
Damage due to external short-circuit

Damage due to external heating (self-heating of waste)
Dangerous heat generation after damage

low–medium

Table 6. Distribution of maximal edge length of the investigated portable batteries.

Maximal Edge
Length [mm]

Amount of Batteries
[items]

Amount in damage
Classes 4–7 [items]

Share of Damage
Classes 4–7 [%]

Assumed Correction
Factor

–14.9 41 2 4.9%
0.4015.0–29.9 54 4 7.4%

30.0–44.9 292 100 34.2%
0.7545.0–59.9 430 127 29.5%

60.0– 30 8 26.7% 0.95
Total 847 241 28.5%

In Figure 2, the distribution of the portable batteries’ damage degree according to the
waste stream in which they were found.

Only two per cent of the spent batteries show a relevant degree of damage, according
to the background reference sample (separated portable battery collection, SBC) (DC 4 to 7).
The vast majority of over 97% of the batteries are undamaged (DC 1). No portable battery
was found, which was heavily bloated or in a post-thermal runaway state (DC 7).

The input fractions results show that, on the one hand, portable batteries can already
be subject to varying degrees of mechanical damage during collection, e.g., due to the force
that is applied in press containers of collection vehicles. That is particularly remarkable
when compared to the separate collection of portable batteries, as batteries are or will be
damaged only to a minor extent in this collection system.

On the other hand, there is a significant degree of damage to portable batteries in
processing plants, for example, during the conditioning of the waste stream by a pre-
shredder (e.g., in residual waste treatment) or a bag opener (e.g., in lightweight packaging
waste sorting), but also during the manipulation of the waste stream (while using a wheel
loader or gripper). Other impacts, such as (1) shock loads, which may occur due to different
drop heights in treatment processes (e.g., by falling into an output box or from one conveyor
belt to another), or (2) vibration of vibrating conveyors can also damage portable batteries.

Moreover, when comparing the residual household waste before (RHW (in)) and
after (RHW (out)) treatment in a respective facility, it is noticeable that the percentage of
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the lower degrees of damage (DC 1 to 3) are reduced, while the percentage of the higher
damage classes (DC 4 to 6) are increased (from approximately 6% to over 40% in total).

Figure 2. Distribution of damage degree according to the waste stream in which the batteries were found (Legend:
RHW = residual household waste, LPW = lightweight packaging waste, MPW = metal packaging waste, CW = commercial
waste, SBC = separate portable battery collection; values < 2% not displayed).

When comparing lightweight packaging waste before (LPW (in)) and after (LPW (out))
treatment (sorting plant), the effect is similar, but yet not that severe, which results in an
increase of DC 4 to 6 from almost 6% to 14% in total. The share of DC 4 to 6 in commercial
waste (CW (in)) is very similar to the input fractions of residual household waste and
lightweight packaging waste, and it is notably much higher in metal packaging waste
(MPW (in)).

3.2. Shape Distribution Pattern

Regarding the shape (construction type) of the portable batteries, the distribution
pattern is shown in Table 7. The share of round cells/batteries is very high (about 85%),
due to the aforementioned high quantities of portable batteries with the format factors AA
and AAA. It was observed that lithium-ion batteries are often prismatic or pouch-shaped.

Table 7. Shape/construction type of the analysed portable batteries.

Battery/Cell Type No. of Cells Analysed [items] Share of Cells Analysed [%] Assumed Correction Factor

Button cell 93 11.0 0.20
Round cell/battery 717 84.6

0.75Prismatic cell/battery 27 3.2
Battery pack 5 0.6

Pouch cell/battery 5 0.6
0.95unknown 1 0.1

Total 848 100
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3.3. Risk Modelling

Table 8 presents the results of the modelling of potential risk (in potential fire incidents
per year), comparing residual household waste (RHW) and lightweight packaging waste
(LPW). The values are based on fictitious waste systems with 100,000 tonnes per year of
the respective fractions of residual household waste and lightweight packaging waste
(2016). For 2020, the assumed growth was included, which was linearly extrapolated,
which resulted in a two per cent increase for residual waste and a four percent increase for
lightweight packaging waste.

Table 8. Risk modelling for portable and lithium-based batteries in residual household waste (RHW) and lightweight
packaging waste (LPW).

Modelling of Risk Potential RHW Projection 2016 RHW Estimate 2020 LPW Projection 2016 LPW Estimate 2020

Waste generation [t] 100,000 102,000 100,000 104,000

in waste collection
[pot. fire incidents/year] 57 116 42 82

Probability of occurrence 1:1754 1:1758 1:1904 1:1902

in waste treatment
[pot. fire incidents/year] 363 741 103 202

Probability of occurrence 1:275 1:275 1:777 1:743

The risk potential is shown in potential fire incidents per year. The waste collection
scenarios are very similarly related to the potential risk of fire, while the waste treat-
ment scenarios differ more. Remarkably enough, the risk almost doubles in all of the
observed scenarios.

The probability of occurrence is presented in a particle-based form and it reveals the
high risks of battery-caused fire incipiencies in terms of likelihood.

3.4. Risk Assessment

The modified risk graph presented Figure 3 visualises the assessment of the risk of
portable lithium-based batteries. Two specific scenarios were chosen representing the
observed areas of (1) collection and (2) treatment of waste from Table 8.

likely      

rarely  small fire in 
CV    

very rarely    fully developed 
fire in TP  

unlikely      

very unlikely      

extremely unlikely      

 negligible hardly slightly critical cata-
strophic 

Figure 3. Modified risk graph for the two scenarios of Table 8: Waste collection (a small fire in a collection vehicle, CV) and
waste treatment (a fully developed fire in a treatment plant, TP).

Keeping the grading of the probability of occurrence in mind, the various probabilities
do not lead to different results in the risk graph, whether residual waste or lightweight
packaging waste; however, they vary considerably in Table 8.
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4. Discussion

A broad spectrum of potential hazards of batteries was considered within this study’s
investigations and it is presented in Table 5, being exemplary for residual household waste.
However, from a holistic viewpoint, in complex systems, such as waste management
systems, it is unlikely to cover all of the possible hazards that are posed by lithium-
based batteries.

As [25] stated, risk matrixes may be subject to biases or errors. A risk matrix can
compare only a small fraction of more or less randomly selected hazards due to their low
resolution. In general, that fact has to be kept in mind when risk graphs are created or the
basis of decision-making.

The scenarios that were observed in detail reveal that the risks are either in the ALARP
region (yellow area) or in the region of inacceptable risks (red area of the risk graph). For
the latter, measures of risk reduction are inevitable.

Fires in waste collection vehicles have become a well-known phenomenon in recent
years. The smoke of the fires is usually recognised by the vehicle drivers in an early stage.
An unspoken best-practice measure of the respective vehicle driver is to choose a known
asphalt or concrete surface that is big enough to unload the burning waste (e.g., parking
area of a nearby supermarket) and call the local fire brigade. The waste is usually pulled
apart during extinguishing in order to speed up the subsequent fire-fighting operations
and to locate the origin of the fire.

The different results for RHW and LPW indicated that waste shredders are the main
hot-spot for battery-caused waste fires. In contrast to shredders, bag openers in LPW
sorting plants are not crushing the waste. That is also confirmed by a recently published
study [26], revealing high numbers of battery-caused ignitions after pre- and post-shredders
in treatment facilities for RHW and commercial waste.

The comparison of the data of potential fire incidents per year with values from
literature allows for an overall evaluation of these results. In contrast to the statistical data
of waste fire incidents [1,27], where relatively low numbers are determined battery-caused
fires, the results of this study seem to be very high. The data of [1,27] are characterised
by high shares of unknown fire causes, which probably underestimates the relevance of
battery-caused fires. In contrast to the high numbers of heat-related threshold exceedances
in waste shredding machines found by [26], which are caused by batteries to a large
extent, the results of this study seem appropriate. Autischer et al. [26] detected 0.1 to 1.5
threshold exceedances per eight-hour-work shift, depending on the respective measuring
point in one of the two observed treatment plants. That means 260 to 1.580 threshold
exceedances per year and treatment facility. In comparison to the results, it should be noted
that (1) both treatment plants process significantly less than 100,000 tonnes per year and (2)
temperature-related threshold exceedances are detected—not fire incidents.

5. Conclusions

In this article, the main influence factors on lithium-based portable batteries’ risk
were investigated in their end-of-life phase. The degree of damage that was happening to
portable batteries was investigated and compared for different waste streams. After that,
the hazards and potential risks were modelled and assessed, including the present and
previous studies’ findings.

The results included a detailed analysis of the damage degree, the distribution pat-
tern of influencing characteristics of portable batteries, and profound risk analysis and
assessment.

The assessment reveals that the risk of lithium-based portable batteries is significantly
too high, which makes it difficult to maintain modern waste management in a sustainable
way. Primarily, municipal solid waste treatment plants are at increased risk. The proba-
bility that treatment plants burn to the ground is far too high, according to the available
assessment. The increased number of major fires in waste management in recent years is
clear and undeniable evidence.
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No other substance or material has ever comparably endangered the whole waste
industry. Hence, besides research and development activities for investigating and under-
standing the hazards and risks of lithium-based portable batteries, increased technological
development and innovation efforts are indispensable for reducing the risk potential of
end-of-life portable batteries.

In order to reduce risk, the waste sector has to aim to collect as many batteries as possi-
ble in the separate collection systems and take-back schemes, as only this collection system
guarantees a damage-free return system. That requires increased effort in public relations
and consumer awareness-raising. However, a 100% separate collection rate for portable
batteries is highly unrealistic without a comprehensive deposit system. Hence, operators
of treatment facilities have to find ways to (1) protect critical infrastructure and treatment
processes (e.g., including new detection and extinguishing methods) or (2) preferably
detecting and separating portable batteries in the course of their treatment processes.

Further research is necessary in order to gain more specific knowledge on the influence
factors, where assumptions had to be made in the present study. Especially, the probability
of waste ignition due to the thermal runaway of portable batteries has to be investigated.
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Abstract: Products of the refractory industry are key for the production of heavy industry goods
such as steel and iron, cement, aluminum and glass. Corresponding industries are dependent on
thermal processes to manufacture their products, which in turn would not be possible if there were
no refractory materials, such as refractory bricks or refractory mixes. For the production of refractory
materials, primary raw materials or semi-finished products such as corundum, bauxite or zircon
are used. Industrial recycling of refractory raw materials would reduce dependencies, conserve
resources and reduce global CO2 emissions. Today, only a small quantity of the refractory materials
used can be recycled because raw materials (regenerates) obtained from end-of-life materials are
of insufficient quality. In this study, regenerates from different refractory waste products could be
obtained using the innovative processing method of electrodynamic fragmentation. It was shown
that these regenerates have a high chemical purity and are therefore of high quality. It could be
confirmed that the use of these regenerates in refractory materials does not affect the characteristic
properties, such as refractoriness and mechanical strength. Thus, electrodynamic fragmentation is a
process, which is able to provide high-quality raw materials for the refractory industry from used
materials.

Keywords: recycling; refractory; regenerate; electrodynamic fragmentation; innovative process

1. Introduction

Today, refractory materials are used in a wide variety of industrial sectors. These
ceramic materials are products that are generally used under a high-temperature load of
>1500 ◦C [1] for lining and delivery of thermotechnical facilities, such as blast furnaces
or converters, as well as for transport devices in iron and steel, aluminum, cement and
ceramic industries, incineration plants and refineries. The material separates the reaction
zone from the outer parts of the process devices and are in contact with solid and liquid
but also gaseous, partly very aggressive reaction components and reaction products [2].
Without these refractory materials there would be no technical thermal processes, which
are fundamental to the production of steel, iron, aluminum, cement and glass. For example,
in 2016 the German steel industry produced a total of 40.2 million t of steel products,
requiring 0.5 million t of refractory materials [3]. This means approximately 10 kg of
refractory materials were needed to produce 1 t of steel.

The necessary refractability as well as other important properties such as zero shrink-
age, high thermal shock resistance, chemical resistance and mechanical or temperature-
dependent strength are given to refractory materials by their non-metallic, inorganic
composition. The main components consist of the six basic oxides SiO2, Al2O3, MgO,
CaO, Cr2O3 and ZrO2, often in combination with carbon (e.g., SiC) [4]. These oxides form
refractory compounds such as bauxite, corundum or white corundum, tabular alumina, zir-
conium (zirconium silicate), fireclay or silicon carbide through complex and high-emission
thermal processes (dehydrogenation, sintering reactions or melt flow processes). These
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raw materials or semi-finished products are then used to produce the refractory materials.
The largest raw material resources are located mainly in China, Russia, South Africa, South
America and Australia. Accordingly, the German and European refractory industry is
highly dependent on these imports. The refractory materials are exposed to high ther-
mal, physical and chemical loads and serve as wear material during the use in industrial
processes.

The average lifetime of refractory materials depends on the application and ranges
from few days (e.g., purging plugs) to a few weeks (e.g., steel-casting ladles and con-
verters) to long-term applications from one to several years (e.g., converters and heat-
exchangers/preheaters). After the utilization phase, the refractory lining must be repaired
or at least relined. The majority of the lining wears out completely and is no longer usable
or is chemically contaminated such that it requires an extensive replacement. A smaller
amount of the material (approximately 5–10% of the waste material) is currently recycled
after stripping and used as so-called regenerates for the production of new refractory mate-
rials. For this purpose, the stripped material is pre-sorted and afterwards crushed in a jaw
crusher, for example. The subsequently sieved material can partly be used as aggregate in
new refractory products. However, a higher chemical purity of these regenerates required
for the refractory industry cannot be achieved. For these reasons, little recycled material
is used in the refractory industry today. Predominantly waste material and thus valuable
secondary raw material for the refractory industry is deposited in special landfills for final
disposal. A comprehensive industrial recycling process for refractory materials is a major
challenge that offers the chance to reduce the dependency on primary raw material imports
and the global CO2 emissions.

A suitable method for processing refractory waste material in order to enable a high
rate of recycling could be electrodynamic fragmentation. This innovative method uses
pulsed high voltage discharges to separate bulky multi-phase material selectively along
grain boundaries. The discharge has to take place underwater to enable the solid material
to be penetrated. Thus, the whole approach is a “wet process”. The potential of this pulsed
power processing approach was demonstrated for the recycling of waste concrete [5] or
the separation of municipal waste incineration ash [6,7]. Like refractory material, the
investigated ash is a mineral-based compound material. Reusable components like iron
metal, glass or ceramics are enclosed by a siliceous matrix. It was proved that after
processing the ash with electrodynamic fragmentation the individual components of the
ash could be recovered selectively.

The aim of the study presented here was to use the innovative process of electrody-
namic fragmentation as a recycling strategy for refractory waste products in order to obtain
regenerates with a high chemical purity. With these high-quality regenerates, new sources
of raw materials for the refractory industry could be made accessible, and thus primary
resources are conserved. The increased use of such high-purity refractory regenerates
would lower the cost of refractory materials and could reduce dependencies on world
markets.

2. Materials and Methods

2.1. Electrodynamic Fragmentation

Electrodynamic fragmentation is a technique using pulsed power discharges to sepa-
rate compound materials selectively. The method itself was first investigated and described
at the University of Tomsk in the late 1940s [8]. The efficiency of the method is the higher
the more electrical discharges are generated over time. Usually, a so-called Marx generator
is used to enable a high rate of high voltage discharges [9]. Besides a high voltage, a high
slew rate is of special interest. The slew rate describes how fast the maximum voltage of
a discharge can be achieved and thus determines the possible pulse length. With a Marx
generator a slew rate that enables pulse lengths of a few nanoseconds can be realized. This
is very important in order to force the electrical discharge into a solid material. Whether
an electrical discharge can penetrate a material or not depends on the dielectric strength
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of the given material. The dielectric strength of a material is not a constant but varies in
dependency with the slew rate and therefore the length of a discharge [10]. At a pulse rise
time lower than 500 nanoseconds, the dielectric strength of water is higher than that of
solid material (see Figure 1). Electrodynamic fragmentation utilizes this physical principle.

Figure 1. Dielectric strength of different materials as a function of the pulse rise time (modified
from [10]).

In the process vessel of the fragmentation unit, a solid material sample is placed
underwater. The bottom of the process vessel serves as an electrode. A second electrode
is placed on top of the sample. The distance between sample and upper electrode can
be varied. After voltage application, a polarization of the sample takes place. This leads
to electrostriction, meaning micro stress within the sample as the charge carrier (e.g.,
electrons) of the solid material are not freely movable [11]. As different components in a
compound material, such as refractory waste material, differ in their dielectric strength,
the grain boundaries represent the regions with the biggest contrast in polarization. The
grain boundaries therefore are the path of least resistance for the discharge. Along the
grain boundaries, so-called streamers infiltrate the material during a first stage of the
pulse discharging. When the first streamer reaches the electrode at the bottom of the
process vessel, the complete energy of the discharge runs along the corresponding path. A
short-lived plasma channel is generated reaching temperatures of up to 104 K. During the
collapse of the plasma channel, a shockwave of up to 10 GPa shatters the material having
the strongest influence for the separation. The shockwave is reflected at the process vessel
and penetrates the material a second time. As the described procedure occurs with each
discharge, a fast and efficient separation of a solid material is achieved (Figure 2).

Figure 2. Principle of electrodynamic fragmentation of a composite material.

In this study a laboratory plant was used, which works in batch mode with a five
liter process vessel [12]. The general setup of the lab plant allows a processing of samples
with a diameter of around 40 mm. The maximum volume of sample material for a single
fragmentation step depends on the density of the material and is about several hundred
grams of material generally. The default operating parameters for the lab plant are a pulse
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rate of 5 Hz and a voltage of 180 kV per pulse, though these parameters are adjusted to
achieve an optimum in separation for each sample processed.

2.2. Sample Material

In this study, different refractory waste or break-out material was investigated and
chosen from different industrial fields of application that were as varied as possible. It was
also important that the selected materials were exposed to different temperatures during
the manufacturing process or during use. In refractory materials, higher temperatures
lead to a stronger sintering of the individual components, which makes it considerably
more difficult to process or cleanly separate the individual components with conventional
processing methods.

For this study, three different refractory waste materials were collected (Figure 3),
from different fields of application and containing potential regenerates, such as bauxite or
zircon. A brief description of the sample material with details of the potential regenerates
is given in Table 1. All materials used in this study originate from shaped bricks.

Figure 3. Refractory waste materials from various applications. (a) Highly sintered brick for sintering or rotary kilns;
(b) corundum stone for melting tanks; (c) functional refractory ceramic from the steel industry.

Table 1. Brief description of the sample material used.

Sample Material Potential Regenerates

RefMat-1 Sintered brick for inlet chambers for rotary kilns Bauxite, zirconia-alumina fused grain (ZAC)
RefMat-2 Corundum stone for aluminum melting furnace White corundum
RefMat-3 Functional refractory ceramic from the steel industry Tabular alumina, white corundum

The sample material RefMat-1 (Figure 3a) consists of preformed bricks, which are
fired at high temperatures (1250 ◦C) before being used in a sintering furnace. Only after
the firing is the stone used for the kiln lining. These stones are mainly composed of bauxite,
zirconia-alumina fused grain (ZAC), SiC and microsilica as well as a matrix of alumina-
cement-based binder. Of this refractory material, there is interest above all in recovering
bauxite and ZAC as regenerates.

The sample material RefMat-2 (Figure 3b) is a pure corundum stone, which is used
at very high temperatures and has a high chemical load. The main components are white
corundum and alumina-cement-based binder. These highly sintered bricks are used as
lining for melting furnaces, e.g., for aluminum melts. The recovery of the white corundum
as regenerate would considerably save primary resources.

The sample material RefMat-3 (Figure 3c) consists of functional refractory ceramics
from the steel industry. These functional refractory ceramics have fine channels and are
used in the furnace linings or at the bottom of the blast furnaces and ladle linings of steel-
works to inject various gases into the molten steel via the channels. The main components
of these functional refractory ceramics are tabular alumina and white corundum in a binder
matrix of alumina cement. Potential regenerates with this sample material would be tabular
alumina and the white corundum.
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2.3. Fragmentation of the Sample Material

In order to obtain coarse sample fragments, prior to the fragmentation experiments,
the three different blocks were crushed down using a sledgehammer. The resulting size
of sample material was about 4 to 5 cm each. At the beginning of the fragmentation
experiments (Figure 4), several small samples of each material were processed, whereby
the parameters voltage, electrode-sample gap, number of pulses and pulse frequency were
varied. The goal was to identify the optimal fragmentation parameters for each sample
material in order to subsequently process a larger amount of sample material with the
optimized parameters.

Figure 4. Fragmentation of the RefMat-2 sample. Placing the sample in the process vessel (a) and
underwater sample in the process vessel (b).

After the optimal fragmentation parameters for the individual sample materials had
been determined in the preliminary tests, larger quantities of the individual materials could
be processed in the next step in order to obtain sufficient material or regenerates for the
subsequent recycling tests. Finally, between 20 and 32 kg of each of the three samples
was fragmented in batches. After fragmentation, the separated material was dried and
classified into different grain size fractions by means of sieve classification. In addition, the
process water from the individual tests was filtered and the filter residue dried so that a
fine fraction could be obtained.

In the next step, the fragmented and sieve-classified material was sorted in order to
keep the separated aggregates, or regenerates, sorted by type. Therefore, the fragmented
material was sorted by optical sorting, meaning by differences in color and translucency.
The sorting was carried out with a laboratory system for optical bulk material sorting
(TableSort), which was developed at the Fraunhofer IOSB [13,14]. Equipped with a RGB
filter camera and a filigree blow-out device, this system is suitable for small amounts of
material. The electro-optical sorting was carried out in several steps or passes for each
individual grain size fraction. In each pass, the optical filter was adjusted in such a way
that the desired material, meaning the regenerate in question, was blown out from the bulk
mass flow.

2.4. Methods of Investigation

To characterize the collected material, all samples were analyzed before the frag-
mentation process by X-ray phase analysis (XRD) to determine the mineralogical phase
composition and by X-ray fluorescence analysis (XRF) to investigate the chemical composi-
tion. For the XRD analysis, a D2 Phaser (Bruker) was employed, and for the XRF analysis,
an Epsilon 3 XL (Panalytical) was used. The XRD analysis was performed using powder
samples. For the XRF analysis, powder compacts were used. Before sample preparation, all
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materials were crushed and milled down. For the analysis before the fragmentation experi-
ments, the fragments obtained from crushing the refractory blocks with a sledgehammer
were milled in a two-step process. Firstly, a vibratory disc mill was used to achieve a grain
size below 1 mm. Secondly, the material was milled down using a McCrone micronizing
mill. With this wet-milling process a powder fineness was achieved suitable for XRD
analysis. After the material was fragmented and sorted, the obtained regenerates were
examined by optical microscopy to evaluate the degree of the achieved detachment. To
determine the chemical purity of the recovered material, the regenerates were analyzed
by XRD and XRF. Subsequently, the analytical results were compared with the analysis of
primary aggregates (e.g., ZAC or tabular alumina).

The sample material obtained from the fragmentation experiments was milled down
in a two-step process as well. The aforementioned McCrone mill was used after the material
was pretreated in a ball mill to obtain the particle size required in the wet-milling process.

Furthermore, the recovered material was used to produce the refractory test specimen
(prisms with a dimension 4 × 4 × 16 cm) in accordance with industrial requirements. The
cold compressive strength as well as the cold bending tensile strength of all prisms was
determined using a Z100 testing machine from ZwickRoell and an Alpha 3-3000 S testing
machine from Form + Test, respectively.

3. Results

3.1. Characterization of the Refractory Waste Material

As expected, all samples show a very high Al2O3 content, which is mostly distributed
between the mineralogical phases α-alumina (corundum) and β-alumina. Therefore, all
samples are high alumina refractories.

In addition to the high Al2O3 content, the sample material RefMat-1 shows high
contents of SiO2 and ZrO2 (Table 2). This chemism is reflected in the mineralogical phases
corundum (Al2O3), baddeleyite (ZrO2) and mullite (3Al2O3-2SiO2). Minor phases are
potassic and alkali feldspars, SiC and grossite (CaAl4O7) and some zirconium (ZrSiO4).
The two mineral phases corundum and baddeleyite are components of the zirconia-alumina
fused grain (ZAC), which is one of the main components of these refractory materials. Fur-
thermore, the two highly refractory mineral phases corundum and mullite are components
of calcined bauxite, which is also used as an important raw material in many shaped and
unshaped refractory products.

Table 2. Chemical and mineralogical composition of the sample material RefMat-1.

Chemical Composition Mineralogical Composition

Oxide wt.% Phase wt.%

Al2O3 52.8 α-Alumina (Corundum) 67.7
SiO2 26.6 Baddeleyite 11.2
ZrO2 12.0 Mullite 6.4
CaO 2.4 Feldspar 3.4
K2O 0.1 SiC 7.4

Fe2O3 1.3 Grossite 1.3
TiO2 1.4 Zirconium 1.1

The sample material RefMat-2 is an almost pure Al2O3 product (Table 3). Besides the
very high Al2O3 content, only very low contents of Fe2O3 and CaO could be detected. The
Al2O3 is mainly found in the mineral phase corundum or in white corundum. White corun-
dum, a chemically pure alumina, is extracted from the melt and is used both in unshaped
and shaped refractory products. Figure 5 shows an example of the X-ray diffractogram of
sample RefMat-2.
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Table 3. Chemical and mineralogical composition of the sample material RefMat-2.

Chemical Composition Mineralogical Composition

Oxide wt.% Phase wt.%

Al2O3 93.6 α-Alumina (Corundum) 88.2
Fe2O3 1.0 β-Alumina 3.1
CaO 3.4 Grossite 8.7

Figure 5. X-ray diffractogram of sample RefMat-2.

Sample material RefMat-3 has a slightly lower Al2O3 content than sample RefMat-2.
In addition, contents of MgO and traces of SiO2, Fe2O3, CaO and Cr2O3 were analyzed
(Table 4). The two mineral phases α-alumina (corundum) and spinel (MgAl2O4) could
be detected by phase analysis. The α-alumina can be attributed to the tabular alumina
contained in the sample, but also to the white corundum. The two phases can hardly be
distinguished by X-ray diffraction. Tabular alumina is chemically equivalent to the white
corundum described above. The only difference is that white corundum is obtained from
the melt and tabular alumina is recrystallized or sintered α-alumina with a high density, the
morphology of which consists of large (50–200 μm), tabular corundum crystals. The two
mineral phases catoite (Ca3Al2(OH)12) and grossite (CaAl4O7) are residual components of
the alumina-cement-based binder.

Table 4. Chemical and mineralogical composition of the sample material Ref-Mat-3.

Chemical Composition Mineralogical Composition

Oxide wt.% Phase wt.%

Al2O3 87.3 α-Alumina (Corundum) 69.9
MgO 6.1 Spinel 23.4
SiO2 0.5 β-Alumina 2.6

Fe2O3 1.2 Catoite 2.5
CaO 4.0 Grossite 1.0

Cr2O3 0.2 Quartz 0.5

3.2. Fragmentation of the Refractory Waste Material

Based on the fragmentation pre-tests, the individual parameters could be determined
for each sample material, allowing a larger amount of material to be processed in the next
step. The resulting material was then dried and subsequently screened into four grain size
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fractions (<3, 2–3, 1–2 and >1 mm; see Figure 6). In addition, a fine fraction was obtained
from the process water by filtration.

Figure 6. Sample material RefMat-3 before (central) and after fragmentation and subsequent classifi-
cation by grain size.

Table 5 shows the mass balance of the individual grain size fractions. It can be seen
from this table that the proportion of the fine fraction (filter residue) from the process water
for sample MatRef-1 and sample MatRef-3 is almost 45 wt.% and for sample MatRef-2 even
60 wt.%. This high proportion is due to the relatively high number of pulses per material
input (Table 6). In order to separate the individual components from the binder matrix, a
high number of pulses with a high voltage had to be applied. This resulted in a lot of fine
material. After drying, it was also observed that the fine material from the process water
partially solidified. One reason for this is that a large amount of binder accumulates in the
filter residue, and the binder also has a residual hydraulic activity.

Table 5. Weight percentages of the individual fractions after fragmentation.

Sample
RefMat-1 RefMat-2 RefMat-3

Weight Percentages (wt.%)

Filter residue 44.8 60.0 44.2
<1 mm 1.5 0.7 1.1
1–2 mm 21.3 21.4 20.6
2–3 mm 15.4 10.4 17.0
>3 mm 16.3 7.0 16.7

Loss of material 0.7 0.5 0.4

Table 6. Process data.

Sample RefMat-1 RefMat-2 RefMat-3

Material input (kg) 20.2 23.7 31.5
Number of pulses 4484 5955 6017

Pulses per kg 222 251 191

The various aggregates of the fragmented refractory ceramics, which are to be recycled
as regenerates, have mostly accumulated in the coarser fractions (1 to >3 mm). In addition
to the very cleanly exposed aggregates, binder residues can also be detected in the coarser
fractions.
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3.3. Sorting of Fragmented Material

In the next step, the fragmented and screened materials were sorted according to
optical criteria in order to obtain the exposed regenerates in the mono-fraction. Due to
the significant color differences, the desired regenerates of the sample material RefMat-1
(Figure 7), the zirconia-alumina fused aggregate (ZAC) and the bauxite could be separated
from the remaining material of the sample with high accuracy for all grain size fractions.
The optical sorting was performed in several runs. In the first run, the yellow or flesh
colored ZAC was sorted out with as little residual material as possible. Afterwards, the
greyish brown to black colored bauxite was separated from the residual material. The
remaining residual material consists mainly of coarse grains of light grey colored binder
matrix and aggregates with residual material on its surface (ZAC and bauxite). The
largest proportion of regenerates could be obtained from the fraction >3 mm. A total of
approximately 5.3 kg (26 wt.%) of ZAC and approximately 2.7 kg (13 wt.%) of bauxite
were exposed from 20 kg of the refractory material (RefMat-1). However, the results also
showed that there was still a high proportion of residual material in the 2–3 mm fraction.

Figure 7. Sample RefMat-1 before and after optical sorting.

In case of the sample material RefMat-2, it was possible to separate the desired
regenerate white corundum (glassy transparent grains) for each grain size fraction in just
one pass (Figure 8). However, the output in all three fractions was very low, and the
proportion of residual material, i.e., white colored binder matrix and not cleanly exposed
white corundum, was relatively high. In all three fractions, only approximately 3.3 kg
(13.8 wt.%) could be separated cleanly from the binder matrix, whereby approximately
23.6 kg of sample material (RefMat-2) was fragmented. The largest proportion of white
corundum could be found in the 1–2 mm fraction.

Figure 8. Sample RefMat-2 before and after optical sorting.

From the RefMat-3 sample, two different regenerates (tabular alumina and white
corundum) needed to be sorted out, as for the RefMat-1 sample. However, it was discovered
that due to the optical properties, the glassy transparent white corundum could hardly
be distinguished from the grayish colored binder grains by the laboratory sorting system
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and could therefore not be sorted out. The optical filters could not be adjusted accordingly
on the laboratory equipment, so a small amount of white corundum from the 2–3 mm
fraction was sorted out by hand. Nevertheless, it was possible to sort out the white colored
tabular alumina from all fractions from the sample material RefMat-3. This regenerate
could be easily distinguished from the remaining material by optical sorting and could be
sorted out for all three fractions (Figure 9). In addition to the non-sortable white corundum,
the remaining material consists mainly of binder matrix and not cleanly exposed tabular
alumina. With this sample material, the yield of regenerates is not very high. From the
total fragmented sample material (RefMat-3) of approximately 31.5 kg, only approximately
4.8 kg (15.3 wt.%) of regenerates distributed over three grain size fractions could be
obtained.

Figure 9. Sample RefMat-3 before and after optical sorting.

It is obvious that the desired regenerates from the three different samples could be
cleanly separated out of each sample material. However, it can also be seen that the yield
of regenerates is not very high. Regenerates can still be found in the remaining materials
that have been sorted out, but these have not been sufficiently liberated from the binder
matrix by the fragmentation.

3.4. Characterization of the Fragmented Material

On the basis of the microscopic examinations, the extent of binder matrix adhesions
to the regenerates obtained was investigated. In the recovered material from the sample
material RefMat-1, namely the sorted out ZAC (Figure 10a) and bauxite (Figure 10b), binder
adhesion could be detected on rare occasions. Generally, the individual grains were very
effectively separated from the binder matrix using electrodynamic fragmentation.

Figure 10. Micrographs of the fragmented sample RefMat-1, sorted out ZAC (a) and sorted out
bauxite (b).

The sorted out white corundum regenerates, which were obtained from the sample
material RefMat-2, also show hardly any binder residues on the grain surfaces (Figure 11a).
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Only sporadic white binder residues are still visible (Figure 11b). The degree of detachment
for these regenerates is thus evaluated as very high in purely optical terms.

Figure 11. Micrographs of the fragmented sample RefMat-2. Sorted white corundum (a), single grain
of white corundum (b).

The microscopic images of the fragmented and unsorted RefMat-3 sample (Figure 12a)
clearly show why the white corundum could not be clearly detected by optical sorting. Due
to the different blue coloration of the binder, the glassy transparent white corundum cannot
be clearly distinguished optically. On the other hand, the exposed white colored tabular
alumina can be recognized and can therefore be sorted out without difficulty by optical
sorting. The sorted out tabular alumina (Figure 12b) shows only slight binder adhesion.

Figure 12. Micrographs of the fragmented sample RefMat-3. Unsorted material (a) and sorted out
tabular alumina (b).

For a better evaluation of the chemical purity of the recovered regenerates, they were
investigated in terms of their chemistry and mineralogical phase composition. Table 7
shows the results of the XRF measurement of the ZAC regenerates and bauxite regenerates
from the sample material RefMat-1. For comparison, primary materials (ZAC and bauxite)
were also analyzed and then cross-checked with the results of the recovered materials.
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Table 7. Comparison of the chemical composition (XRF) of ZAC regenerates and bauxite regenerates
with primary material (b.d.l.—below determination limit).

Oxide
ZAC Regenerate Primary ZAC Bauxite Regenerate Primary Bauxite

wt.% wt.% wt.% wt.%

Al2O3 52.5 47.7 89.1 87.8
ZrO2 27.6 34.7 0.4 0.2
SiO2 16.1 14.0 5.6 5.5

Fe2O3 0.2 0.05 0.8 1.6
CaO 0.2 0.3 0.3 0.4
TiO2 0.4 0.1 3.3 3.5
K2O 0.1 0.1 0.1 0.3

Na2O 2.4 2.2 b.d.l. b.d.l.

It becomes clear that the chemical composition of the regenerates does not differ greatly
from the primary material. There are no significant differences between the regenerate
and the primary bauxite, so the chemical purity of the obtained bauxite regenerate can be
confirmed. The recovered ZAC has a slightly higher Al2O3 content and slightly lower ZrO2
and SiO2 contents compared to the primary material. As these are the three main elements
in ZAC, and no unusually high contents of CaO, Na2O or Fe2O3 or other impurities were
measured, the deviating element contents are due to the inhomogeneity of the material.
The material can therefore be regarded as a regenerate with a high chemical purity.

Additionally, the mineralogical phase composition does not show high impurities
(Table 8). Only the grossite (CaAl4O7) detected in both regenerates, which is a relic of the
hydrated alumina cement, indicates that there is a small amount of binder residue.

Table 8. Mineralogical phase composition of the regenerates ZAC and bauxite without X-ray amor-
phous content.

Phase ZAC Regenerate (wt.%) Bauxite Regenerate (wt.%)

α-Alumina (Corundum) 65.1 88.3
Mullite 1.7 6.4

Anorthite 1.0 2.2
Baddeleyite 28.0 0.3

Grossite 0.9 0.5
Zircon 1.1 -
Quartz - 0.3

β-Alumina - 0.6
SiC 2.1 1.4

The determined chemical composition of both regenerates, white corundum from
sample RefMat-2 and tabular alumina from sample RefMat-3, show no impurities (Table 9).
The chemical analysis of the tabular alumina obtained could be compared to an analysis
of primary material. This confirms the very high chemical purity of the tabular alumina
regenerates. The phase composition (Table 10) also shows no major impurities. As with the
recovered material from the RefMat-1 sample, minimal contents of grossite and spinel are
detectable, which indicate binder residues.
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Table 9. Chemical composition of regenerates white corundum from sample RefMat-2 and tabular alumina from sample
RefMat-3 compared to a primary sample of tabular alumina (AlfaTab 30) (b.d.l.—below determination limit).

Oxide
White Corundum Regenerate

from RefMat-2 (wt.%)
Tabular Alumina Regenerate

from RefMat-3 (wt.%)
Primary Tabular Alumina

(AlfaTab 30) (wt.%)

Al2O3 99.7 99.4 99.5
CaO 0.1 0.1 0.2
SiO2 - 0.2 0.04

Fe2O3 - b.d.l. 0.08
Na2O - b.d.l. 0.3

Table 10. Mineralogical phase composition of the regenerates white corundum (RefMat-2) and
tabular alumina (RefMat-3).

Phase
White Corundum Regenerate

(wt.%)
Tabular Alumina Regenerate

(wt.%)

α-Alumina (Corundum) 97.2 93.6
β-Alumina 2.1 5.1

Grossite 0.7 -
Spinel - 1.3

In summary, based on these results, it can be seen that the regenerates obtained by
fragmentation have a high chemical purity, which is a basic prerequisite for a high-quality
recycling.

3.5. Reuse of the Regenerates

Only after it was proved by analysis that the regenerates obtained possess a high
chemical purity were the regenerates used in new refractory ceramics. The aim was to
evaluate whether the recovered materials can substitute for the primary raw materials
without disadvantages in terms of rheological, mechanical and refractory properties. A
refractory concrete (mixture RC) and a refractory tamped concrete (mixture TC) were
selected for the recycling tests, in which the primary raw materials were substituted by
the regenerates obtained in this study. In the refractory concrete, the regenerates ZAC
and bauxite were used, while in the refractory tamped concrete, the tabular alumina
was used. In parallel, both mixtures were produced using primary raw materials, acting
as reference samples for later performance comparisons. During the production of the
different mixtures (RC and TC), it was found that the rheology, and thus the workability of
the fresh mixtures, did not change and was absolutely comparable to the reference mixtures.
The important factor here was to reach a comparable flow behavior and thus a comparable
workability without changing the water demand. Regenerates of lower quality might
require more water in order to achieve satisfactory workability. A higher water demand is
known to have negative effects on the strength development of refractory concretes as well
as tamped concretes. This is also known from concrete technology [15].

Several test specimen prisms were produced with the mixed concretes. All prisms
were stripped after 24 h, stored for another 24 h at room temperature and then dried for
another 24 h in a drying oven at 120 ◦C. It was found that the setting and drying behavior
of the regenerate masses and reference masses is close to identical. After drying all prisms,
some of the samples were burned at different temperatures in a high temperature furnace.
This high-temperature treatment (sintering) can be used to check the refractoriness of the
samples produced. The strength development by sintering at different temperatures is also
an important characteristic value for refractory materials. The specimens of mixture RC
were sintered at 1000 and 1450 ◦C, and the specimens of mixture TC were sintered at 1000
and 1500 ◦C.

As a result of this sintering, no negative changes were found in the regenerate samples.
Thus, it could be proved that using the regenerates provided by the fragmentation results
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in a comparable refractoriness compared to the refractory material made of primary raw
materials.

For a final evaluation of the quality and usability of the regenerates obtained, a test of
cold compressive strength and cold bending tensile strength was carried out. By previously
treating the samples at different temperatures, three different strength characteristics could
be determined for each mixture: the test specimens that were dried in the drying oven
at 120 ◦C only (mixture RC and TC) and the test specimens that were sintered at 1000 ◦C
(mixture RC and TC) as well as at 1450 ◦C (mixture RC) and 1500 ◦C (mixture TC).

The test results for the samples of mixture RC are shown in Figure 13. The direct
comparison of the achieved strengths of the regenerate samples and the reference samples
shows that there are no significant differences in strength. The achieved strengths of the
regenerate samples are at least as high as the strengths of the reference samples. Some of
the regenerate samples even show slightly higher strengths.

Figure 13. Comparison of the achieved cold bending tensile strength (a) and cold compressive
strengths (b) of the refractory concrete (mixture RC) with regenerates (ZAC and bauxite) and the
corresponding reference samples.

After testing the cold bending tensile strength, the fracture surfaces of the individual
test specimens could also be checked (Figure 14). It is clear that the microstructure of the
refractory concrete with regenerates is completely comparable to the microstructure of
the refractory concrete with primary raw materials. Thus it is shown that the regenerates
used have no negative influence on the quality of the refractory concrete and can therefore
substitute for primary raw materials equally.

Figure 14. Test specimen of mixture RC after the cold bending tensile strength test.
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A similar result was found for the samples of mixture TC with the tabular alumina. The
determined strengths of the regenerate samples and the reference samples are absolutely
comparable (Figure 15). The strengths achieved in the regenerated sample are even slightly
higher than in the reference samples. When examining the fracture surfaces of the test
specimens (Figure 16), no differences can be found. Thus, the suitability of the recovered
tabular alumina used could also be proven on the basis of these results.

Figure 15. Comparison of the achieved cold bending tensile strength (a) and cold compressive
strength (b) of the refractory concrete (mixture TC) with regenerates (ZAC and bauxite) and the
corresponding reference samples.

Figure 16. Test specimen of mixture TC after the cold bending tensile strength test.

4. Discussion

The described results of this study prove that the technology of electrodynamic
fragmentation is suitable for breaking down the composite material refractory into its
individual components. While a conventional jaw crusher can only crush composite
materials to a small size but still maintain the bond, electrodynamic fragmentation allows
the valuable aggregates or regenerates respectively to be separated from the composite
or binder matrix selectively. The advantage of the technology used is primarily that the
electrical impulses run along the grain boundaries of the material, and the composite is
torn from the inside to the outside by an expanding plasma channel. Another advantage
of the fragmentation technology is that it can be considered as a dust-free and, above all,
contamination-free process. Metallic abrasion, as is the case with jaw crushers, cannot take
place.

After fragmentation, the various regenerates could be sorted by optical sorting, which
is a necessary requirement for a high-quality reuse. Only the white corundum from sample
material RefMat-3 could not be sorted out because the color differences compared to the
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matrix material are too small. In order to optically separate these materials with slight
color differences, more powerful sorting approaches must be developed and used.

It could also be shown that the separated and sorted regenerates, namely tabular
alumina, bauxite, ZAC and white corundum, have a very clean surface and are almost com-
pletely free of binder residues and other adhesions. By means of chemical–mineralogical
analyses, a very high chemical purity of the recovered regenerates could be achieved. A
comparison of the chemical composition with original raw materials clearly showed that
there are almost no differences observable.

Finally, the recovered regenerates could be reused in refractory concrete or refractory
tamped concrete without sophisticated post-treatment, thus replacing primary raw materi-
als without affecting the properties of the refractory products. The processing properties
of the fresh masses as well as the mechanical test results of the sintered samples using
regenerates do not show any adverse effects, as is usually the case when using convention-
ally crushed material as aggregate material. However, no testing of the newly developed
refractory material under working conditions (e.g., lining in an aluminum melting furnace)
has been taken place so far. Thus, the material must be checked for further aspects such as
corrosion resistance, thermal shock resistance and abrasion resistance.

The technology of electrodynamic fragmentation can be a promising alternative to
existing recycling technologies. It is possible to recover high-quality secondary raw materi-
als for the refractory industry and thus realize a high recycling rate for the material itself.
However, further research and development work is needed to make a recycling process
for refractory materials economically realizable on an industrial scale. This is especially
true for the fragmentation process. For this purpose, the plant must be designed in such
a way that a continuous throughput of material for an industrial viable throughput is
possible.

5. Patents

Based on this study, a patent was applied for with the title “Method for recycling
ceramics, regenerated materials obtained thereby, and use of the regenerated materials for
manufacturing ceramics” (DE 10 2017 217 611).
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Abstract: The recycling rates, especially those from plastic packaging waste, have to be increased
according to the European Union directive in the next years. Besides many other technologies,
the pyrolysis of plastic wastes seems to be an efficient supplementary opportunity to treat mixed
and unpurified plastic streams. For this reason, a pyrolysis process was developed for the chemical
recycling of hydrocarbons from waste polyolefins. The obtained products can be further processed
and upgraded in crude oil refineries, so that also monomers can be recovered, which are used for
the plastic polymerization again. However, to achieve a scale up to a demo plant, a kinetic model
for predicting the yields of the plastic pyrolysis in a tubular reactor is needed. For this reason,
a pilot plant was built, in which different plastics and carrier fluids can be tested. Based on the data
generated at the pilot plant, a very practical and suitable model was found to describe the plastic co-
pyrolysis of the carrier fluid with polypropylene (PP) and low density and high density polyethylene
(HDPE and LDPE), respectively. The physical and chemical mechanisms of the co-pyrolysis in the
tubular reactor are successfully investigated.

Keywords: feedstock recycling; plastic pyrolysis; lumped modeling; kinetic modeling; ReOil

1. Introduction

25.8 Mio. tons of plastic waste are produced in Europe annually [1] and less than 30%
of this are collected for recycling. Therefore, high amounts of plastic wastes are sent to
incineration, landfilling or are sent to non-EU regions [2].

To overcome this situation, the European Union compiled a mandatory goal to reach a
recycling rate of plastic packaging waste of 55% in 2030 [3]. The strategy in accomplishing
this goal is to enhance a circular economy. The ways of increasing recycling rates include
introducing deposit return systems, mechanical recycling, and also chemical recycling via
depolymerization and anew polymerization.

However, a common challenge of plastic waste is the sorting of different types of
plastics and the contamination of waste streams. Therefore, beside other technologies, py-
rolysis is an attractive way to treat mixed plastic or even contaminated streams. In pyrolytic
processes, valuable resources are generated out of organic matter at elevated temperatures
in absence of oxygen, which can be used as feedstock for refineries and petrochemical
industries again [4].

Pyrolysis is a cracking process by breaking long-chain hydrocarbons in molecules
with lower molecular weight. These products are liquid and gaseous, respectively, and can
be further processed in existing infrastructure, like a conventional crude oil refinery. Ther-
mal cracking (pyrolysis) and catalytic cracking are compared in literature, for example
the works [5–9] describe the advantages, disadvantages, technologies and properties of
various feedstocks, products and processes. A significant advantage of pyrolysis is the
resistance against impurities and the ability to process mixtures of plastic types. All kinds
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of polyolefins are suitable for pyrolysis because they consist of carbon and hydrogen only
without heteroatoms, which then produces valuable yields. Polyolefins, such as polypropy-
lene (PP), low density and high density polyethylene (LDPE and HDPE), are the most used
plastics in packaging. Polystyrene (PS) has no heteroatoms and can, thus, be used as feed-
stock as well. The main challenge in pyrolytic processes is the poor thermal conductivity
of plastic. In most waste streams the plastics occur as thin foils or in very voluminous
shapes, what makes the handling additionally more complicated. These properties make
the necessary heat transfer for thermal cracking difficult. Furthermore, when the plastic
is molten, the viscosity is high, and the melt often cannot be pumped with conventional
pumps used in refineries.

For operating a commercial plant, high processing capacities and a stable, continuous
process is needed to guarantee the feedstock for a refinery. For this reason, a continuous
co-pyrolysis process in a tubular reactor was developed [10]. The idea is to use a refinery
residue as carrier to fluidize the plastic, consequently it can be treated as a liquid. However,
the carrier fluid, also a hydrocarbon, has its own crackability, so the carrier fluid also has
to be investigated. Valuable products, which are gaseous at process conditions, as well as
solid impurities are separated at the end. The cracking conditions in the tubular reactor are
at moderate temperatures below 500 ◦C and elevated pressures below 25 barg. The process
is already verified in lab and pilot scale. A demonstration plant will follow in 2022+. Hence,
a simulation and optimization tool must be provided for the upscale. To do so, lumped ki-
netic modeling was chosen to simplify the complex reaction mechanism [11]. The reactions
that take place in the thermal degradation of plastics are radical chain reactions, which re-
sults in molecules with lower molecular weight and less saturation. A large amount of
species and reactions are involved. These degradation of plastics is often described by
thermogravimetric data, and hence, models are received, in which the time depending loss
of mass can be measured [8,12–17]. Consequently, this kind of models just describe the
overall degradation kinetics of polymers. Other models go deeper into the fundamental
reactions, such as chain fission, radical recombination, end-chain β-scission and hydrogen
transfers, just to mention a few. For this kind of modelling, a high experimental and
analytic effort as well as high computational capacity is needed [13,14,18,19].

For upscaling and process optimization, a kinetic model which considers the main
parameters, temperature, pressure and residence time, is needed. Furthermore, the model
should be simple and should be capable of being integrated in a process simulation tool.
Therefore, lumped modeling is used to describe the emerging and vanishing species in a
thermal cracking of post-consumer plastics. This approach simplifies the reactions scheme
drastically, by grouping (=lumping) species with similar properties together. In this study,
a four lump kinetic model, based on boiling points of the species, will be introduced
whereby the four lumps are connected with six monomolecular, irreversible, first order
reactions. Even with just four reacting pseudo components, the product yields of plastic
pyrolysis and the degradation of the carrier fluid can be predicted. However, a model needs
reasonable data for verification, so a pilot plant was built in previous works, which can be
varied in the main process conditions and feeds [20].

2. Materials and Methods

To observe the effects of temperature, pressure, residence time and plastic type on
the product yield of the developed process, a pilot plant was build [20], which is also
used for a kinetic study. The formed vaporous products with lower molecular weight are
discharged of an unpressurized system as soon as the reaction condition exceed the boiling
point. If the cracking process is performed continuously in a tubular reactor, as it is the
case in the described process here, the produced gaseous species cannot leave the system,
thus parameters like flow rate and pressure have a significant impact on the product yields.
Since the pilot plant is diminutive (inner diameter of pipes in the tube reactor is 4.3 mm),
the risk of blockages is high. Consequently, the pilot plant is used to investigate pure,
virgin plastics and not real, waste plastics. Furthermore, the occurrent plastics in various
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waste streams are highly diverse, thus it will not be possible to examine all types and
all potential mixture configurations of plastic. Hence, reference plastics from all main
types are used to get an overview, how the different types of plastic behave in the process.
The main feedstock for the thermal degradation process is all kind of polypropylene (PP),
low density and high density polyethylene (LDPE and HDPE). Common parameters of the
examined plastics types are shown in the next table (Table 1).

Table 1. Examined plastic types with some measured, descriptive parameters (own measurements).

Plastic
Type

Molecular
Mass (Mw)

Calorific
Value

Upper
Heating Value

H2

Content
TGA Inflection

Point
TGA

Residue

(-) (kg/mol) (kJ/kg) (kJ/kg) (%) (◦C) (%)
PP 364 44,510 47,343 13.8 484 0.03

LDPE 235 43,409 46,159 13.4 500 0.81
HDPE 197 43,525 46,409 14.0 509 0.22

However, the plastic is pretreated for the usage in the plant. Since no extruder is
available for feeding the plastic melt into the pilot plant, a fine plastic powder (<500 μm),
obtained by cryogenic grinding, is mixed with the carrier fluid in a certain mixing ratio in
a stirring tank.

A test campaign combines different test runs with the specific, investigated plastic
type commingled with the carrier fluid. The carrier fluid is a high boiling hydrocarbon
and is available on site in the refinery. Therefore, an evaluation of the behavior of the pure
carrier fluid has to be done in advance. Tests with pure carrier fluid are run at diverse
temperature and residence time couples to measure the conversion rates of the carrier
fluid itself under different process conditions. Subsequently, the test series with increasing
content of plastic mixed with the carrier fluid are performed again at different process
conditions. In this way, the share of the carrier fluid on the observed conversion can be
identified. The highest ratio of plastic in the mixture reachable is 30 wt.%, at this plastics
content pumping becomes impossible due to the mixture’s increasing viscosity.

2.1. Experimental Setup

The scheme of the pilot plant used for the collection of the process data is shown
in Figure 1.

 
Figure 1. Scheme of the pilot plant.

In a stirring tank, B1, the plastic powder is mixed with the carrier medium in the
specified mixing ratio. Then the mixture is pressed into the reactors by the eccentric screw
pump P1. The reactor tubes are immersed in the sand baths SB1 and SB2. Downstream
the reactor section, the medium is cooled down in order to instantaneously stop the
reaction. The following pressure valve regulates the pressure in the plant. After flashing
the products to atmospheric pressure, vaporized products are stripped out and condensed.
All products are collected, weighted and analyzed. Density, heating value, paraffinic,
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aromatic, naphthenic and olefinic content, true boiling point curve are analyzed and a
laboratory distillation is performed to calculate the product fraction yields.

The pressure valve can be adjusted from 0–20 barg to adjust the testing condition.
This valve is also the bottleneck of the plant because it has the smallest cross section.
Therefore, the operating parameters have to be adjusted for achieving a certain range of
conversion. A conversion that is too high causes coking and a conversion that is too low
results in unconverted plastic or very high molecular waxes. Blocking of the valve occurs
in both cases. These limiting factors in the experimental investigations have a big impact
on the model, which will be discussed later in the chapter “Lumped model”.

Two sand baths are used for adjustment of the testing temperature. These sand baths
have a very homogenous temperature distribution which is achieved by fluidization with
air. The coiled reactors are immersed in this sand, whereas reactor tubes wall temperatures
are approximately the same as the sand itself. The sand can be heated up to 600 ◦C to test a
wide range of process parameters and resulting achieved conversion rates.

Finally, the residence time can be varied by two different modulations. One is the
simple adjustment of the working load of the pump, the second method is to alter the
reactor length. Each sand bath can be mounted with reactor coils ranging from 3 to 25 m
length, which results in a maximum reactor length of 50 m, if two sand baths are used.
The mass flow of the pilot plant can be regulated between 300 and 3000 g/h. Consequently,
the maximal production rate of the plant is nearly 1 kg plastic per hour.

2.2. Modelling

The finding and conclusions of the test results of the pilot plant should be used for
upscaling a demo plant. To do so, the obtained data should be implemented in a model
which can describe engineering relevant phenomena, such as vaporizing, and predict the
yield of products. As with other pyrolysis processes, the main influencing parameters
of the conversion are temperature, pressure and residence time. The temperature has
the major effect, which can be easily explained with the commonly used temperature
dependency of reaction rates via the Arrhenius equation. A very minor effect has the
pressure on the reaction, often described by Le Chatelier’s principle. Due to the formation
of gaseous products, a low pressure is beneficial during pyrolysis. However, since this
process takes place in a tubular reactor, the pressure has a greater impact on the residence
time due to reduced vaporization at elevated pressures [21]. Finally, the residence time is
strongly affected by temperature and pressure. The high vaporization at high temperatures
and low-pressure results in high gas phase amounts in the reactor pipes. Consequently,
the residence time is reduced, but also the flow regime can change. Hence, the gas to
liquid ratio in the system is also an additional physical parameter affecting the reaction by
changing the residence time [22].

Since the residence time is the most uncertain parameter, the model is built on a
calculation based on the reactor length instead of time. Additionally, the properties of the
occurrent media have to be considered to calculate the gas phase share and the resulting
volume stream. The analytics of the products and educts are used here to generate pseudo-
components, which reflect the educts and products very well. For refinery simulation tools
like PetroSim the density and true boiling point curve of a fluid is sufficient to describe this
stream and to evaluate its physical properties.

As the temperature, pressure, reactor length and the properties of the mediums are
known, the chemical reaction itself has to be described. Since the pilot plant has no con-
tinuous measurement, and the plastic pyrolysis produces a multitude of different species
because of its radical complexion [22], and additionally, the plant runs at non-idealistic
conditions (isothermal reactors cannot be assumed), it is obvious that fundamental reaction
mechanisms cannot be determined. However, the object of this study is to find a model
which describes this process sufficiently and practicably for the integration in a process
simulation. Hence, Lumped Kinetic Modelling is introduced, in which the complexity of
the reaction system can be reduced significantly without losing sufficient predictability.
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2.2.1. Lumped Model

Lumping is a commonly used method in refinery calculations because in this appli-
cations it is impossible to measure each single molecule [23–26]. The concrete lumping
approach just combines a pool of species with similar properties together, defining a single
pseudo component, called lump, which has the properties of this mixed pool of species.
Often just one main parameter is used to classify the lumps, commonly used properties are
for example the molecular weight, densities, or true boiling points. In this work the true
boiling point of the oily mixture is deciding the affiliation of species into lumps.

In a first approach a six-lump system of standard boiling cuts in refineries has been
created: “Gas”(boiling range: incondensable at 0 ◦C), “Naphtha” (boiling range: initial
boiling point to 175 ◦C), “Kerosene” (boiling range: 175–225 ◦C), “Gasoil” (boiling range:
225–350 ◦C), “Spindle oil” (boiling range: 350–410 ◦C) and “Residue” (boiling range:
410+ ◦C). First results show that the three light lumps “Naphtha”, “Kerosene” and “Gasoil”
nearly react the same way, so they are merged further together to the lump “Light Liq-
uids” [27]. The classification of the received four-lump system is shown in Figure 2.

 
Figure 2. Four-lump system with six monomolecular, irreversible reactions. IBP means initial boiling
point higher than 0 ◦C and Gas is specified by incondensable at 0 ◦C.

For a reaction scheme of pyrolysis containing four lumps, four mass balances have to
be computed. Additionally, the assumption of irreversible reactions is made to reduce the
complexity further. This decreases the reaction pathways to six possibilities as shown in
Figure 2. The radical character of the reaction system is neglected, and no recombination
reactions are considered in the model. The six reactions (k1–k6) are described by the
Arrhenius law to consider the temperature dependency,

ki = Ai ∗ e
−EA,i

R ∗ T (1)

in Equation (1) k is the reaction rate, A the Arrhenius constant, EA the activation energy,
R the ideal gas constant, T the temperature and i the indices of the reactions 1 to 6. As men-
tioned before, the residence time cannot be determined directly, so there is no possibility
to draw an Arrhenius plot. Hence the two parameters activation energy EA,i and the
Arrhenuis constant Ai are unknown for each specified reaction i. Consequently, in this
four-lump system 2 × 6 = 12 unknown parameters have to be obtained. For a further
simplification of the model, a reaction order of 1 is assumed. Otherwise the unknown
parameters would increase computational effort drastically. Finally, the model consists of a
four-lump system with six monomolecular, irreversible, first order reactions with twelve
unknown parameters.

Solving a problem like this requires a nonlinear regression solver. Such solvers are
implemented for instance in Matlab and enable to find local and global minima for fitting
the model to the measured data of the pilot plant.

As a precondition for the modeling of the plastic pyrolysis, the cracking behavior of
the carrier fluid has to be investigated more in detail. For that, the composition of the carrier

125



Processes 2021, 9, 34

medium is required, which is obtained with the same analytic and distillation method as
for the products. Based on the obtained boiling curve, the carrier fluid can be integrated
in the four-lump system. So, most of the carrier medium is classified as “Residue”, but it
also partly contains the boiling cuts of “Spindle oil” and “Light Liquids”. This composition
is used for the starting conditions of the model. As already mentioned, test campaigns
with the pure carrier fluid are performed and the reaction model like shown in Figure 2
is determined.

Subsequently, test runs with a certain plastic type are used to evaluate the thermal
degradation of this plastic. The basic approach is the same as for the carrier fluid, but the
plastic model needs an adaptation to insert the plastic into the four-lump model. So,
an additional lump “Plastic” is linked to the heavy lump. The heavy lump is now called
“Wax” (but has the same definition as “Residue”), the other lumps are named the same,
“Spindle oil “(SO), “Light Liquids” (LL) and “Gas”, but are indexed with p for plastic.
The lumped model for the plastic pyrolysis is shown in Figure 3.

 
Figure 3. 5-lump model for the plastic pyrolysis with six monomolecular, irreversible, first order
reactions and one starting reaction of the plastic degradation.

The six reaction rates ki,P of the five-lump model for plastic can be determined the
same way as described before, just with the difference that the fraction of carrier fluid
in the mixture is being calculated with the already determined four-lump model of the
carrier fluid. The initial reaction kLit. cannot be evaluated in this pilot plant, because the
conversion of the plastic needs to be very high (estimated 90–100%), in order to avoid
blockage of the small pipes. Therefore, the already determined kinetics for different plastic
types from literature are used to describe this first degradation step. Thermogravimetric
analytics are suited well to predict the pyrolysis to gaseous components, so overall first
order, degradation reactions are used like that described in [15–17]. In the Lumped Kinetic
Model, the plastic is cracked down to a liquid wax phase described by the kinetics derived
from TGA experiments (kLit.). Based on the given six pseudo reactions ki,P, the lumps react
in a way which meet the measured mass fractions of the lumps.

2.2.2. Reactor Model

Based on the lumped kinetic model which represents the chemistry and kinetics of the
cracking in the reactor, an overall reactor model is also developed. This model is based
on the assumption of a plug flow reactor, whereas the mass balances can be constituted
with deployed reaction rates as shown in Equations (2)–(6) for the lump system shown
in Figure 3,

dcPlastic
dz

=
−kLit. ∗ cnLit.

Plastic
w

, (2)

dcWax
dz

=
+kLit. ∗ cnLit.

Plastic − k1,P ∗ cWax − k2,P ∗ cWax − k3,P ∗ cWax

w
, (3)

dcSO
dz

=
+k1,P ∗ cWax − k4,P ∗ cSO − k5,P ∗ cSO

w
, (4)
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dcLL
dz

=
+k2,P ∗ cWax + k4,P ∗ cSO − k6,P ∗ cLL

w
, (5)

dcGas
dz

=
+k3,P ∗ cWax + k5,P ∗ cSO + k6,P ∗ cLL

w
, (6)

in the mass balances c describes the mass fraction of the respective lump, z is the reactor
length, w is the local flow velocity of the whole stream (gas and liquid) and nLit. is the
order of reaction for the used TGA degradation reaction of the plastic. It is assumed that
all lumps (gas and liquid) move in the same velocity w, so there is no slip.

Additionally, a heat balance is integrated to evaluate the temperature profile over the
reactor length (Equation (7)) because there is just six temperature measurements at the
reactor wall,

dT
dz

=
1

ρ ∗ cp
∗
(−kthermal ∗ 4 ∗ (T − TW)

d ∗ w
− H ∗ ρ

)
, (7)

whereas T is the local temperature, ρ is the density of the local mixture, cp is the heat
capacity of the local mixture, kthermal is the local heat transfer coefficient, TW is the local
wall temperature measured in the sand bath, d is the inner diameter of the reactor pipe and
H is defined by Equation (8),

H = Hr ∗
( dcPlastic

dz
MMPlastic

+
dcWax

dz
MMWax

+
dcSO

dz
MMSO

+
dcLL
dz

MMLL
+

dcGas
dz

MMGas

)
+ HV + Hmelt, (8)

in Equation (8), Hr is the standard reaction enthalpy per mole change, MM is the mean
molecular mass of the respective lump, Hmelt is the melting energy of the plastic by passing
by the melting temperature and HV is calculated of the vaporizing fraction (vf ) of the species
respectively multiplied with the respective heat of evaporation (HVap) (Equation (9)),

HV = HVap, Wax ∗Δv fWax + HVap, SO ∗Δv fSO + HVap, LL ∗Δv fLL + HVap, Gas ∗Δv fGas, (9)

Hr has been calculated out of the average paraffinic, olefinic and naphthenic composition
of the cracking production. If a big paraffinic molecule split into two molecules, there are
two possibilities:

• High Paraffin → Paraffin + Olefin
• High Paraffin → Paraffin + Naphthene

For each reaction, the enthalpies calculated of the heat of formations do not differ
very much, independently how big the broken parts are as long the C and H balance is
respected. The reaction enthalpies to paraffins and olefins is averaged to 76,232 kJ/mol
and these to paraffins and naphthene is averaged to 57,101 kJ/mol. The mean distribution
of olefins and naphthenes is 17:3, accordingly Hr is determined by 73,289 kJ/mol.

The last unknown factor of the heat balance is kthermal. To evaluate the heat transfer co-
efficient equations of the “VDI Wärmeatlas” [28] are used. Due to the complex construction
of the plant, the reactors have different sections:

• Horizontal pipes

� One-phase flow [28] (Ga)
� Two-phase flow [28] (Hbb)

• Vertical up streamed pipes [28] (Hbb)
• Vertical down streamed pipes [28] (Hbb)
• Up streamed coils [28] (GC)
• Down streamed coils [28] (GC)

The length of all these sections is measured for all different reactor setup used. More-
over, in all sections one phase flow (only liquid) or two-phase flow may occur. For all these
cases, suitable equations are available in [28] to calculate the heat transfer coefficient.

The coupled differential equation system has to be solved simultaneously, which is
performed with Matlab. The solver calculates the reactor with the finite-element method
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discretely, whereas the minimal step size is one centimeter (Figure 4). Each discrete element
is computed at constant conditions and the input is the starting values of the educt or the
results of the previous element.

Figure 4. Sketch of the discrete calculation of the tubular reactor with a finite-element method.

Finally, the kinetic data fitted to this model are determined with the nonlinear fitting
tool. In this study, Matlab is used, which can calculate the model with the data By using
reasonable starting points from previous models or from the literature [15,20–23], the model
is calculated with random or algorithmic specified values until a local or global minimum
is found by the method of least squares.

3. Results

This section reports the results for the pure carrier fluid, polypropylene, low density
and high-density polyethylene, and compares the experimental results with the model.
An overview of main test runs is given in Table 2. The main input parameters, such as
mass fraction of plastic and carrier fluid, the mean reactor temperature, the pressure and
the flow are shown. Additionally, the calculated residence time of the reaction medium
above 400 ◦C and the conversion referring to the lump “Residue” are inserted in Table 2.

Table 2. Exemplary test runs performed in the pilot plant. The total number of test runs was 67.

Test Run
Mass

Fraction
Carrier Fluid

Feed
Mass

Fraction Feed
Mean Tem-

perature
Pressure Flow

Residence
Time

>400 ◦C

Conversion
Based on

“Residue”

(-) (%) (-) (%) (◦C) (barg) (g/h) (min) (%)

1 100 - 0 493 5 2478 3.3 50

5 100 - 0 529 5 3219 2.5 29

11 100 - 0 522 5 2533 0.9 56

16 100 - 0 415 15 855 18.9 7

23 100 - 0 430 14 555 35.7 23

27 90 PP 10 479 5 1540 5.3 42

34 90 PP 10 487 5 2265 3.8 42

37 80 PP 20 472 5 1982 4.5 53

38 90 LDPE 10 467 15 1083 9 57

45 80 LDPE 20 435 15 504 44.6 29

49 70 LDPE 30 459 15 874 19.3 46

51 90 HDPE 10 444 15 1339 14.8 26

62 70 HDPE 30 441 15 370 54 25

67 80 HDPE 20 450 15 627 30.1 21

The pressure, reactor length, temperature of the sand baths and the flow rate are the
main input data for the model. Additionally, the starting conditions have to be defined
at the reactor inlet: The starting temperature, the composition of the carrier fluid and
the mass fractions of plastic and carrier fluid. Then, the model calculates each discrete
element of the reactor with starting kinetic values. After the calculation, the Optimization
Toolbox of Matlab compares the calculated yields and the measured ones and changes
the kinetic data for a new calculation. This is done until a minimum mean squared error
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between measured and modeled yields is found. An overview of the obtained values for
the kinetic parameters is shown in Table 3. For the carrier fluid all six reactions take place
and need to be formulated. This is due to the fact that the starting composition of the carrier
fluid already contains the lumps, “Residue”, “Spindle oil” and “Light Liquids” (Figure 2).
In order to obtain a reasonable fit, all lumps of the carrier fluid have to react. Contrary,
kinetics of the plastics behaves differently. In a first attempt, also six reactions have been
assumed, as shown in Figure 3. However, just three reactions are sufficient to describe
the system, and to find a global minimum to fit all measured yields. All other reaction
rates can be neglected (ki set to zero). In case of LDPE the conversion to products is very
low and just the reaction k2 producing small amounts of “Light Liquids” is sufficient to
model the measured yields. HDPE behaves like LDPE just with an additional reaction k6
to produce some “Gas” (Table 3).

Table 3. Determined Arrhenius constants “A” and Activation Energies” EA” of the plastic pyrolysis in the pilot plant.

kLit.
+ k1 k2 k3 k4 k5 k6

Carrier
fluid

A (1/s) - 4.1 × 1015 6.1 × 1011 4.7 × 1014 9.8 × 1015 1.8 × 1015 3.2 × 1010

EA (kJ/mol) - 270 208 269 271 271 199

PP
A (1/s) 3.2 × 1015 2.0 × 1002 1.0 × 105 5.0 × 1014 - - -

EA (kJ/mol) 244 80 100 249 - - -

LDPE
A (1/s) 1.0 × 1015 - 1.6 × 1047 - - - -

EA (kJ/mol) 241 - 700 - - - -

HDPE
A (1/s) 1.9 × 1013 - 1.0 × 1047 - - - 1.0 × 1018

EA (kJ/mol) 220 - 700 - - - 300
+ kLit. is taken from [15].

Additionally, parameters like the calculated flow velocity, temperature and vapor
phase in any element can be exported from the model. With these data, the residence time
of each test run can be obtained and the calculated temperature and concentration trends
over length or time can be drawn. The corresponding legend is shown in Figure 5 and the
trends are shown in Figures 6 and 7.

 
Figure 5. Legend for Figures 6 and 7: The dashed line show the part produced from the carrier fluid
and the full lines are the trend of total product, respectively. The points mark the experimental results
of this test run.
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Figure 6. Trends of mass fraction of the lumps and the temperatures over the reactor length for test run 27 with 10% PP.

 

Figure 7. Trends of mass fraction of the lumps and the temperatures over the time for test run 27 with 10% PP. The residence
time with temperatures higher than 400 ◦C is 5.3 min for this test run.

It can be seen in Figures 6 and 7 that PP cracks very fast at a certain temperature and
completely converts to “Wax”. Then the light product fractions are increasing during the
reactor while the “Residue” and the “Wax” are decreasing. The second plot in Figure 6 is
the temperature trend. It increases also very fast after entering in the reactor. The medium
temperature reaches the temperature of the sand bath nearly after five meter reactor length.
After about 25 m, the first sand bath is passed and a short pipe section outside of the sand
bath with a temperature measurement follows. A sharp temperature decrease can be seen
clearly in the diagram. Then, the second sand bath begins and the temperature reaches
again the hot equilibrium temperature.
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Both tubular reactors in the sand baths have the same length of about 25 m in test run
27. However, the residence time in both sand baths are different, which can be derived
from the temperature trend in Figure 7. The second sand bath has a residence time shorter
than two minutes, whereas the first sand bath has more than three minutes residence time.
This is due to the decrease of density of the medium, caused by produced gases and other
light products, which results in higher flow velocities.

Furthermore, it can be seen that the modelled curves fit the measurement points quite
well in test run 27. To determine the accuracy of the model, the next subchapters show
deviation plots obtained for the different feedstocks investigated.

3.1. Carrier Fluid

At first the test runs with pure carrier fluids are evaluated. The carrier fluid contains
nearly 10% of “Light Liquids” and after the pyrolysis more than 65% of “Light Liquids” can
be measured. The deviations of the modeled and measured values are shown in Figure 8.
The simple four lump model works very well for the carrier fluid pyrolysis, which can be
derived from the low deviations to the diagonal line and also from the uniform distribution
around the diagonal. There is just one outlier, which is also the only test run with a very
high conversion. Hence, there is the indication that the model predicts well under mild
pyrolysis conditions with a “Light Liquid” yield between 10 to 45%.

Figure 8. Deviation of the modeled and measured values of the test runs with pure carrier fluid.
“MAE” is the mean absolute error of the optimization of 0.01 × 10−2 kg/kg. The dashed lines show
the 10% deviation.

3.2. Polypropylene (PP)

Figure 9 shows the deviations between measured and modeled results for the test
runs with PP. PP cracks at lower temperatures than the other plastic types studied in this
work [8], which is confirmed by yields lower than 50% for the “Residue” fraction, except for
one test run. Furthermore, the share of the “Residue” fraction is overpredicted from the
model, contrariwise the share of the “Light Liquids” fraction is underpredicted.
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Figure 9. Deviation of the modeled and measured values of the test runs with carrier fluid and PP.
“MAE” is the mean absolute error of the optimization of 0.42 × 10−2 kg/kg. The dashed lines show
the 10% deviation.

3.3. Low Density Polyethylene (LDPE)

Figure 10 compares the test runs with LDPE with the model. The “Light Liquids”
fraction is uniformly distributed which indicates a good fit, However, the “Spindle oil”
fraction is overpredicted, even there is no reaction to produce “Spindle oil” (compare with
Table 3). Consequently, the “Spindle Oil” fraction originates from the carrier fluid which
indicates that there is a strong interaction between carrier fluid and LDPE. Additionally,
the “Gas” lump has a uniform, but a high relative variance.

 

Figure 10. Deviation of the modeled and measured values of the test runs with carrier fluid and
LDPE. “MAE” is the mean absolute error of the optimization of 0.17 × 10−2 kg/kg. The dashed lines
show the 10% deviation.

3.4. High Density Polyethylene (HDPE)

The determined kinetic data for HDPE shows irregularities. At low conversions,
the “Residue” lump is underpredicted, whereas the “Light Liquid” lump is overpre-
dicted as shown in Figure 11. As well as in the LDPE kinetic the “Spindle oil” lump is

132



Processes 2021, 9, 34

overpredicted without having a “Spindle oil” producing reaction pathway in the plastic
decomposition, and the “Gas” lump is slightly underpredicted.

 

Figure 11. Deviation of the modeled and measured values of the test runs with carrier fluid and
HDPE. “MAE” is the mean absolute error of the optimization of 0.44 × 10−2 kg/kg. The dashed lines
show the 10% deviation.

4. Discussion

As shown in the previous chapter, the simple lump models provide a good agreement
with the measured data from the pilot plant, especially the carrier fluid can be predicted
with sufficient accuracy. The carrier fluid has a significant impact on the pyrolysis, al-
though the reaction rates are lower than those of plastics, as shown in Table 4. Furthermore,
the expected trends can be well modeled, whereas following order: PP > LDPE > HDPE
for the reaction rates are expected from literature [22]. This is confirmed by the reactions
rates for a given temperature producing “Light Liquids” via reactions path k2.

Table 4. Reaction rates at 460 ◦C of all determined reactions and the used plastic decomposition reactions “kLit.” from [15].

k@460 ◦C
(1/s)

kLit. k1 k2 k3 k4 k5 k6

Carrier fluid - 2.38 × 10−4 8.38 × 10−4 2.97 × 10−5 4.48 × 10−4 8.42 × 10−5 1.83 × 10−4

PP 1.32 × 10−2 3.99 × 10−4 7.51 × 10−3 8.28 × 10−4 - - -
LDPE 6.76 × 10−3 - 2.15 × 10−3 - - - -
HDPE 4.02 × 10−3 - 1.34 × 10−3 - - - 4.21 × 10−4

The kinetic values for the plastic degradation reaction kLit. (Table 3) are taken from [15].
Also, the kinetic values of the carrier fluid, obtained by the model calculation are in a similar
order of magnitude, which is also confirmed by the activation energy of around 200 kJ/mol.
The calculated activation energies of the reaction paths involved in the PP pyrolysis fit
well to literature, the lowest activation energy is 80 kJ/mol for the reaction from “Wax”
to “Spindle oil” [5,8,16,17]. However, the calculated activation energy of 700 kJ/mol
for reaction path k2 for LDPE and HDPE exceed the range of literature, even to those
in comparison to oils [24]. Activation energies of oil cracking are in a frame of 50 to
500 kJ/mol [23]. The reason for this deviation can be assigned to the comparatively low
product yields of “Light Liquids”, which can only be confirmed in test runs with higher
temperatures. Further, test runs with increased temperatures and higher conversions need
to be performed to receive more detailed data.
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However, some differences can be seen between the kinetic data of PP and HDPE in
Figures 9 and 11, respectively. In the case of PP, the “Light Liquids” lump is underpredicted,
although the total plastic feed is depolymerized, and its resulting “Wax” is also converted
with the other product lumps completely. This indicates that there is an interaction between
the carrier fluid and the plastic pyrolysis, which is not yet considered in the model. Hence,
PP increases the outcome of products of the co-pyrolysis.

Contrariwise, the kinetic data of HDPE underpredicts the “Residue” lump at low
conversions. Again, the HDPE is fully decomposed, and the produced “Light Liquids”
lump is not originating 2 “Residue” lump is underpredicted, what indicates an interaction
of the co-pyrolysis, in which the degradation of the carrier fluid is inhibited, or the carrier
fluid produces a high boiling (410+ ◦C) product instead of a “Light Liquids” lump together
with HDPE.

Additionally, the lump “Spindle oil” remains on the same level in the model, resulting
in a horizontal trend in Figures 8 and 9. “Spindle Oil” is also not produced from LDPE
and HDPE, but is nevertheless overpredicted. Consequently, the reaction mechanism of
producing “Spindle Oil” is not sufficiently considered in the model, but this has just a low
effect on the variance.

5. Conclusions

The provided lumping approach reduces the complexity of the chemical reaction
system significantly by reducing the interacting components, this drastically lowers the
analytical and computational effort for the model calculation. In contrast, in order to the
common practice operating mostly with TGA measurements, this model can investigate the
decomposition processes in a tubular reactor by adding consecutive reactions. The reactor
calculation can describe the effect of evaporation and the resulting flow regimes inside
the reactor pipe. Also, the complexity of the reaction model is still low (just four lumps),
the kinetic data for a satisfying description of the pyrolysis of PP, LDPE and HDPE are
found. Simultaneously to the chemical reactions, the heat transfer is described analogously
to flow boiling which results in reasonable temperature trends. Due to the temperatures,
evaporation, condensation and chemical reactions the density of the reaction medium
changes over the whole reactor length, but the model considers all these mechanisms,
and thus, provides a reasonable residence time of reaction mixtures in the reactor. Further-
more, the often-used Arrhenius approach obviously describes the temperature dependency
sufficiently.

Under the used mild cracking conditions, polyethylene has imperfect conversion
towards the products lumps “Spindle oil”, “Light Liquids” and “Gas”. In particular,
the “Spindle oil” lump seems to have different chemical mechanisms, interacting with the
carrier fluid. Also PP shows interactions with the carrier fluid, in which the conversion to
“Light Liquids” is enhanced.

To generate a more precise prediction, these interactions of the carrier fluid and
the plastics should be introduced. Moreover, the formation of coke should be included,
which could be inserted with a C/H balance to the system.

However, this lumped kinetic model achieve a sufficient description of the process
and hence it is already used in a plant simulation to provide data for an upscale.
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Abstract: More than 200 kg real waste electrical and electronic equipment (WEEE) shredder residues
from a German dismantling plant were treated at 650 ◦C in a demonstration scale thermochemical
conversion plant. The focus within this work was the generation, purification, and analysis of
pyrolysis oil. Subsequent filtration and fractional distillation were combined to yield basic chemicals
in high purity. By means of fractional distillation, pure monocyclic aromatic fractions containing
benzene, toluene, ethylbenzene, and xylene (BTEX aromatics) as well as styrene and α-methyl styrene
were isolated for chemical recycling. Mass balances were determined, and gas chromatography–mass
spectrometry (GC-MS) as well as energy dispersive X-ray fluorescence (EDXRF) measurements
provided data on the purity and halogen content of each fraction. This work shows that thermochem-
ical conversion and the subsequent refining by fractional distillation is capable of recycling WEEE
shredder residues, producing pure BTEX and other monocyclic aromatic fractions. A significant
decrease of halogen content (up to 99%) was achieved with the applied methods.

Keywords: WEEE; chemical recycling; pyrolysis; recovery of aromatics; oil upgrading; dehalogenation

1. Introduction

Waste electrical and electronic equipment (WEEE) represents a significant source of
almost all precious and critical metals, but their recovery potential is far from being fully
exploited as things stand today. At the end of state-of-the-art WEEE treatment processes,
one or more output fractions are left behind, which are usually sent to landfills or to
energetic utilization in waste incinerators ([1] pp. 131–133), [2,3]. With those fractions,
remaining metals get lost, irretrievable for material recovery ([1] pp. 209–212), [4]. At the
same time, WEEE and its output fractions contain high-quality plastics like HIPS, ABS,
epoxy resins, PS, PE, PP, and PVC [5–7]. However, these plastics show high concentrations
of flame retardants (FR) as TBBPA, DDO, HBCD, and DDE [3], resulting in bromine and
chlorine concentrations of 0.6–4.0 wt.% [8].

As mechanical recycling recovers plastics in their given polymeric composition, state-
of-the-art processes are not able to remove or to eject flame retardants from FR-containing
WEEE plastics effectively. The recovery of unpolluted plastics by means of mechanical
recycling is thus mostly limited to FR-free fractions ([1] pp. 209–212), [2,3,9]. Against this
background, pyrolysis seems to offer a promising solution to complement established
mechanical recycling processes, especially regarding highly chlorinated and brominated
WEEE-plastics ([1] pp. 131–133), [3,5,8,10].

Due to the importance of effectively recycling and decontaminating WEEE plas-
tics [1–3,9,11–13], numerous researchers have investigated chemical recycling of WEEE or
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of the flame retarded plastics present in such [14–24]. Most studies on novel recycling ap-
proaches regarding WEEE focus on the recovery of metals [4,25–27], whereas investigations
on recycling of nonmetal fractions of real WEEE are limited [12].

Different chemical recycling technologies for WEEE plastics like thermal pyroly-
sis [4,21,22,28–32], co-pyrolysis [33–36], two step pyrolysis [33,37], catalytic
pyrolysis [23,28,38–45], microwave-assisted pyrolysis [28,46,47], and combinations
thereof [24,44,47,48] have been studied.

A very recent review by Charitopoulou et al. [12] on recycling of WEEE plastics
comes to the conclusion that pyrolysis is considered a favorable technology to recycle FR-
containing plastics from WEEE. The formation of PXDD/F is theoretically suppressed due
to the absence of oxygen. However, the oxygen already present in the nonmetal fraction of
WEEE in practice leads to PXDD/F [11,41,48].

Several pretreatment technologies were studied to remove BFR from WEEE plastics
prior to pyrolysis [31,49–56]. Examples of common pretreatment technologies are solvent
extraction with isopropanol, toluene, or methanol, as well as supercritical fluid technologies
with acetone, methanol, or ethanol as media. Such techniques were found to have good de-
halogenation effectiveness. However, their high operational cost and energy consumption
limit industrial implementation [12].

Patent research revealed several patent publications in the field of pyrolysis reactors or
processes to treat mixed plastic wastes [57–64] as well as WEEE in particular [65–69]. Most
reactor and process concepts are designed to either decompose WEEE in order to prevent
landfilling of large volumes of hazardous wastes, dehalogenation, and/or to produce
valuable chemicals or fuels at temperatures between 200 and 800 ◦C. Patented reactor con-
cepts include screw reactors [58,70], U-shaped reactors [68], and fluidized bed reactors [61].
Most patents address thermal or catalytic pyrolysis. However, methods including vacuum
pyrolysis [67] or the addition of other material, e.g., heavy oil or hydrocracking steams to
a pyrolysis process [60,63], were published. Furthermore, methods comprising multistep
processes are present. Examples are upstream technologies prior to pyrolysis [63,65,66]
or downstream purification technologies to enhance product quality [57,59,60,67]. Flame
retarded polymers sum up to on average 30% of WEEE plastics [71,72]. A crucial point in
the thermochemical processing of FR-containing plastics is, however, the copper catalyzed
formation of hazardous polyhalogenated dibenzo-p-dioxins and furans (PXDD/F) as pre-
cursors for PXDD/F, namely chlorine and bromine, are present in WEEE [2,73]. In order
to prevent or to minimize their formation during thermochemical treatment, the critical
temperature for PXDD/F formation between 200 and 600 ◦C [74,75] should be skipped
quickly by rapidly heating up the plastics to >450 ◦C [4].

Consequently, Fraunhofer UMSICHT developed an innovative thermochemical con-
version process for treatment of composite materials, including WEEE [70]. This process is
based on an innovative auger reactor equipped with a unique heat exchanger (Section 2.1).
The so-called iCycle® process (intelligent Composite Recycling) enables the conversion
of WEEE fractions at very constant and controlled process conditions (heating up and
retention time of feedstock, stability of process temperature). The current contribution
deals with the recovery of chemicals from the liquid oil fraction generated during thermo-
chemical treatment of shredder residues from a state-of-the art WEEE dismantling process.
By use of iCycle® and downstream processing of the oil, the objectives of the current
contribution are as follows:

• to investigate suitability and potential of thermochemical conversion for the generation
of intermediate products for chemical recycling;

• to isolate monocyclic aromatic fractions for application in the chemical industry and
plastics synthesis by a combination of filtration and fractional distillation;

• to analyze the opportunities and limitations of the applied process combination for
the removal of chlorine and bromine in order to provide virgin grade basic chemicals.
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2. Materials and Methods

2.1. Thermochemical Conversion

The residual WEEE fraction consisted of IT-appliances (collection group 5) and was
provided by a manufacturer as shredder residue with a maximum particle size of 20 mm.
This shredder residue contained around 40% metals and inorganics and 60% organics.
231 kg of the feedstock was treated in the continuous thermochemical demonstration plant
(load capacity ~70 kg/h) illustrated in Figure 1. Prior to treatment, the plant was flushed
with nitrogen overnight and heated up to an operating temperature of 650 ◦C.

Figure 1. Process flow diagram of the iCycle® pilot plant (thermochemical conversion process).

As seen in Figure 1, throughout the treatment, the feedstock material is fed by a
screw conveyor (3) batch-wise from a receiver tank (2) into a lock, where it is flushed with
N2 (1) to ensure that no ambient air enters the reactor. Thermochemical treatment and
decomposition of the plastic fraction takes place in the reactor (4) at 650 ◦C. The reactor is
a patented system with an innovative heat exchanger design. By use of an Archimedean
screw, internal heating by externally preheated cycled spheres can be achieved. Along
their way through the auger reactor, the spheres do not get in contact with the feedstock
itself as they are moved forward in the inner section of the Archimedean screw. Thus,
clogging of feedstock to the hot spheres is prevented. The system in combination with
a relatively high temperature of 650 ◦C ensures a high heating rate of reaction media to
avoid the formation of polyhalogenated dioxins and furans due to the presence of flame
retardants [4,70]. In addition to the internal heat supply by cycled spheres, external heating
is provided by heating sleeves covering the surface of the auger reactor.

Inside the reactor, the auger unit moves the solid material from the feeding point to the
discharge point, where remaining solid matter drops out of the reactor and is transferred
by a conveyer screw (5) into a collection reservoir (6). The heated auger reactor has a length
of 6000 mm and a diameter of 470 mm. Gaseous and vaporous decomposition products
(at 650 ◦C) leave the reactor through a cyclone (7) and subsequently the cooling and
condensation train (9, 10), consisting of two tube bundle heat-exchangers, connection pipes,
and a pump that transfers the condensate into a collection reservoir (11). All material found
in the cooling and condensation train after the experiment is referred to as “condensate”.
The remaining gas is cleaned in a NaOH-scrubber unit (12) and an electrostatic particle
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filter (ESP) (13) and is subsequently burned on sight (14, 15) in accordance with German
Federal Emission Control Act (BImSchG).

2.2. Pyrolysis Oil Pretreatment

Prior to fractional distillation, the pretreatment of condensate was performed to
remove solids and aqueous phase present. Two pretreatment methods were conducted in
this research. The first method was a vacuum filtration process using a filter paper and
a Buchner funnel to separate solids from the crude condensate produced throughout the
iCycle® process. Filtration was performed within two steps with two different pore sizes
of filter paper, i.e., 40 μm and 2 μm. The condensate was then poured through the funnel
into a borosilicate flask, and the solids that were larger than the pore size of the filter paper
were separated. A vacuum pump (KNF, model: N810FT.18; 100 kPa) was used to initiate
the oil suction and enhance the filtration process. The filter paper was frequently replaced,
as soon as the filter paper clogs in order to prevent performance decrease. The mass of the
total solids that remained in filter papers was measured and prepared for analysis.

Subsequently, a separation of the observable aqueous phase from the filtrate of the
second filtration was conducted using a separation funnel. In this way, the lower phase
(aqueous) was released by gravitational force via the stopcock (tap) at the bottom of the
funnel. The weight of the separated phase was measured and the water phase prepared
for analysis.

2.3. Fractional Distillation

For the fractional distillation of 5 kg of the pretreated condensate (oil), a batch distilla-
tion system (PILODIST-104) was operated. The plant’s column features a stainless-steel
wire mesh (20 theoretical stages), arranged with a head temperature sensor and a reflux
divider. The column was insulated by a heating mantle, where the temperature was ad-
justed to maintain at 5 K below the column head temperature to provide an adiabatic
condition during the distillation process. The main condenser with a subsequent distillate
cooler at the top of the column ensures a sufficient condensation of ascending distillate
vapors. The distillation flask at the bottom of the column, surrounded by an insulation
mantle, has a volume of 20 L. The heating of the flask was controlled according to the
temperature difference (ΔT) between the heating device and the oil temperature inside the
heating flask. The reflux ratio was defined by adjusting the off-take time and the reflux
time of the distillate fraction. A vacuum pump was connected to the top of the condenser
and the fraction collector to maintain the desired pressure. The system was constantly
flushed with nitrogen with a flow rate of 0.5 L/min in order to prevent oxidation reactions.
A liquid nitrogen cold trap was used to protect the vacuum pump during the distillation
with reduced pressure. The following parameters were operated in order to distill the
oil generated:

• Operated pressure: 1 atm (RT–85 ◦C); 100 mbar (>85 ◦C)
• Temperature difference between heating device and oil in the heating flask: ΔT = 100 K
• Off-take time/reflux time/reflux ratio: 4 s/20 s/5

Based on the boiling points of benzene, toluene, ethylbenzene, and xylene (BTEX
aromatics) as well as phenolic compounds present in the operated oil, the temperature
intervals and operating pressures depicted in Table 1 were selected to divide the oil into
distillate fractions comprising high purities of BTEX-aromatics and monocyclic aromatic
substances as styrene, α-methyl styrene, phenol and cresols.
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Table 1. Fractional distillation operating parameters.

Fraction Pressure Temperature Interval

[-] [-] [◦C]

1 1 atm RT–85
2 100 mbar 85–115 (AET 1)
3 100 mbar 115–140 (AET 1)
4 100 mbar 140–150 (AET 1)
5 100 mbar 150–190 (AET 1)
6 100 mbar 190–205 (AET 1)
7 100 mbar 205–225 (AET 1)

1 Atmospheric equivalent temperature.

2.4. Analysis of Pyrolysis Oil and Fraction Characterization
2.4.1. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis

The composition of oil was analyzed on a gas chromatograph coupled with a mass
spectrometer Shimadzu GCMS-QP2020. The chromatograph was equipped with a 30 m
nonpolar 0.25 mm inner diameter (i. d.), 0.25 μm film thickness DB-5ms, and 2.5 m middle
polar 0.15 mm i. d., 0.15 μm film thickness VF-17ms column set from Agilent Technologies.
Helium with 5.0 purity was used as carrier gas for all experiments. The injection volume
was set to 1 μL. Dilution was conducted with 1 mg of sample in 1 mL of DCM. The mea-
surements were performed at a constant linear velocity 40 cm/min of carrier gas. The
temperature of the GC oven was programmed using the settings starting at 40 ◦C, 3 min
hold to 320 ◦C, 3 min hold at 10 ◦C/min. The temperatures of the injector, the MS-interface,
and MS were set to 250, 280 and 200 ◦C, respectively. The quadrupole MS detector was
operated at scan speed of 5000 Hz using a mass range of 35–500 m/z. Solvent cut time was
3 min, with the MS start at 3.2 min. Total analysis time was 34 min. BTEX, styrene, α-methyl
styrene, phenol, cresols and naphthalene were identified using standards solutions of pure
chemicals. NIST-17 Mass Spectral Library was used for all other substance identification.
Only the substances detected with the similarity index (SI) of more than 70 were identified.
The proportion of each substance in the sample was given in percentage area. Only the
proportions of the substances of particular interest in this research were shown in the graph,
while other substances were not included and were referred to as “others”.

2.4.2. Energy Dispersive X-ray Fluorescence (EDXRF) Analysis

A quantitative halogen analysis of all the samples was made with an energy dispersive
X-ray fluorescence spectrometer (EDXRF) from Shimadzu (EDX 720). The concentrations
for chlorine and bromine in oils were calculated based on the calibration curve and the
Cl/Br peak intensities measured by EDXRF. Standard solutions were made with 1,3,5-
trichlorobenzene, 98% from Alfa Aesar™ for chlorine and with 1,3,5-tribromobenzene, and
98% from Alfa Aesar™ for bromine. Toluene at 99.8% from Merck was used as a solvent.
Each sample was measured three times in order to get statistical data.

2.4.3. Water Content Analysis

Water content in pyrolysis oil and distillate fractions was measured using a Karl-
Fischer volumetric titration method. HYDRANAL™—Composite 5 from Honeywell
Fluka™ was used as one component reagent titrant and methanol ACS Reagent, while
≥99.8% from Honeywell Riedel-de Haën™ was used as a titration medium. All measure-
ment were performed on Metrohm 915 KF Ti-Touch and leaned on DIN 51777. Same as in
case of EDXRF, measurements were performed three times.

3. Results

Real WEEE shredder residues were thermally converted by means of pyrolysis at
650 ◦C with a residence time of 30 min. Solid, liquid, and gaseous products were yielded
from this process; these products will be termed solid residue, condensate, and gas here-
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inafter, respectively. The obtained condensate underwent two pretreatment steps, namely
solids filtration and aqueous phase separation. The obtained product, termed “oil”, has
thereafter been divided into eight fractions (including residue) by a fractional batch distil-
lation process. The aim of the processing of the WEEE shredder residues was to produce
highly enriched monocyclic aromatic mixtures with reduced content of solids, aqueous
phase, and halogen concentrations to make them valuable for industrial reuse. The results
of the individual process steps are presented in the following section.

3.1. Thermochemical Conversion

The weights of the treated feedstock material, the collected solid product, and the
condensate were determined at 231, 74, and 67 kg. The weight of the gaseous products was
determined by a difference at 89 kg. Hence, the products yields were approximately 32, 29,
and 39 wt.% for the solid product, the condensate, and the gaseous product, respectively.
The results are illustrated in Table 2.

Table 2. Mass balance of the thermochemical conversion process.

Material Mass Mass Fraction

[-] [kg] [wt.%]

Initial 231 100

Solid (solid residue) 74 32
Liquid (condensate) 67 29

Gas 90 39

The GC-MS analysis of the condensate showed a composition of 6.26 area% benzene,
22.05 area% toluene, 8.39 area% ethylbenzene, 0.73 area% xylenes, 26.63 area% styrene,
6.94 area% phenol, 3.90 area% α-methyl styrene, and 1.91 area% cresols. It follows that the
condensate consisted of 72.16 area% of monocyclic aromatic substances to be recovered
potentially. The composition is also illustrated in Figure 2 in Section 3.3.

3.2. Pyrolysis Oil Pretreatment

The condensate produced by thermochemical conversion underwent pretreatment
processes in order to remove the solids and aqueous phase contained. A filtration process
using a Buchner funnel with a filter paper with a pore size of 40 μm was first carried out,
followed by a second filtration using a filter paper with a pore size of 2 μm. Subsequently,
the observable aqueous phase in the condensate was removed using a separation funnel.
Hereinafter, the filtrate <2 μm without aqueous phase will be referred to as oil.

The amount and the mass fraction of the condensate, the filtered condensate, the solids
and aqueous phase removed are summarized in Table 3. By means of pretreatment,
0.3846 kg solids (>40 μm), 0.6125 kg solids (2–40 μm), and 0.4739 kg aqueous phase were
separated from the condensate, which correspond to mass fractions of 2.59 wt.%, 4.12 wt.%,
and 3.19 wt.% of the initial crude condensate, respectively.

After the conducted pretreatment steps, the oil contained chlorine, bromine, and water
concentrations of 4833 ± 785 ppm, 2251 ± 135 ppm, and 8267 ± 340 ppm, respectively.
Halogen and water concentrations are depicted in Figure 3.
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Table 3. Mass balance of condensate pretreatment.

Material Mass Mass Fraction

[-] [kg] [wt.%]

Crude condensate 14.8477 100.00

Filtrate (<40 μm) 13.5219 91.07
Solids (>40 μm) 0.3846 2.59

Loss (filtration 1) 0.9412 6.34

Filtrate (oil) (<2 μm) 11.7514 79.15
Solids (2–40 μm) 0.6125 4.12
Loss (filtration 2) 1.1580 7.80

Aqueous phase 0.4739 3.19

3.3. Fractional Distillation

The pretreated condensate (referred as oil) was successfully divided into its fractions
by means of distillation. The initial boiling point of the oil was 67 ◦C. The highest column
head temperature reached was AET 225 ◦C at 100 mbar. All substances (and mixtures)
with boiling points above 225 ◦C were considered as residue and were not prepared
for analysis. Four pure monocyclic aromatic fractions (referred to as main products)
including BTEX aromatics and styrene with a total mass fraction of 46.68 wt.% of the
initial oil feed were obtained from distillation. Additionally, three fractions enriched in
valuable monocyclic aromatic substances as styrene, phenol, α-methyl styrene, cresols, and
polycyclic naphthalene with a total mass fraction of 20.89 wt.% were yielded. Along with
these, 27.66 wt.% residue and 2.04 wt.% cold trap fractions were produced. Two cold trap
fractions were collected during distillation. A mass balance of the distillation process is
presented in Table 4, implying a mass loss of 2.73 wt.%, presumably due to mass hold-up
in the column.

Table 4. Distillate fractions with temperature intervals and mass composition.

Fraction Temperature Interval Mass Mass Fraction

[-] [◦C] [kg] [wt.%]

Initial - 5.3830 100

1 RT–85 0.4800 8.92
2 85–115 0.7690 14.29
3 115–140 0.3205 5.95
4 140–150 0.9430 17.52
5 150–190 0.5835 10.84
6 190–205 0.3360 6.24
7 205–225 0.2050 3.81

Residue >225 1.4890 27.66
Cold trap 1 - 0.0540 1.00
Cold trap 2 - 0.0561 1.04

Loss - 0.1469 2.73

All fractions yielded by means of distillation are depicted in Figure 4. It can be
observed that fractions 1 to 4 were colorless and transparent, indicating high chemical
stability. Fractions 5 and 6 showed a light brown color, which is typical for oxidized
phenolic compounds contained in the fractions. Fraction 7 and the distillation residue
comprise dark brown to black opaque appearance.

Fraction 1 (RT–85 ◦C), with a mass fraction of 8.92 wt.%, solely consisted of benzene
and toluene with a proportion of 88.00 area% benzene and 12.00 area% toluene. The chlo-
rine, bromine, and water concentrations were determined to be 221 ± 25 ppm, 20 ± 1 ppm,
and 8833 ± 170 ppm, respectively.

143



Processes 2021, 9, 530

Fraction 2 (85–115 ◦C) contained mostly toluene with a proportion of 96.23 area%
as well as benzene (3.20 area%), 113 ± 33 ppm chlorine, 3 ± 1 ppm bromine, and
1333 ± 125 ppm water. The mass fraction represented 14.29 wt.% of the initial mass.

Fraction 3 (115–140 ◦C) with a mass fraction of 5.95 wt.% contained a mixture of
toluene, ethylbenzene, xylenes, and styrene. The GC-MS result shows that ethylbenzene
had the highest proportion with 43.15 area%, followed by 26.83 area% toluene, 25.41 area%
styrene, and 4.15 area% xylenes. The fraction had a chlorine concentration of 836 ± 93 ppm,
a bromine concentration of 6 ± 1 ppm, and a water concentration of 400 ± 216 ppm.

Fraction 4 (140–150 ◦C) with a mass fraction of 17.52 wt.% mostly consisted of styrene
79.98 area%. The GC/MS analysis also determined 16.83 area% ethylbenzene, 2.26 area%
xylenes, and a trace amount of toluene and 1-methylethyl-benzene. Moreover, this fraction
contained 150 ± 23 ppm chlorine, 280 ± 3 ppm bromine, and 333 ± 170 ppm water.

Fraction 5 (150–190 ◦C) consisted of styrene, phenol, α-methyl styrene, and naphtha-
lene, where phenol 35.13 area% is the most present, followed by 23.52 area% styrene, and
10.48 area% α-methyl styrene. It was noted that this fraction also contained 12.74 area%
indene (SI 96%). The bromine concentration of fraction 5 was the highest compared to the
other fractions (1100 ± 58 ppm), along with 303 ± 27 ppm chlorine and 1233 ± 125 ppm
water. The mass fraction of fraction 5 was 10.84 wt.%

Fraction 6 (190–205 ◦C), with a mass fraction of 6.24 wt.%, consisted of 37.07 area% phe-
nol, 27.16 area% naphthalene, 19.06 area% benzonitrile (SI 98%), 13.98 area% cresols, trace
amounts of aniline, 3-phenyl-2-propenal, and derivatives of benzene, indene, and benzofu-
ran. This fraction exhibited chlorine, bromine, and water concentrations of 99 ± 13 ppm,
249 ± 1 ppm, and 833 ± 170 ppm, respectively.

Fraction 7 (205–225 ◦C) represented 3.81 wt.% of the initial mass, predominantly
containing naphthalene with a proportion of 40.45 area%, followed by 31.81 area% cresols,
6.87 area% 1-methyl-naphthalene (SI 97%), 4.52 area% 2-methyl-benzonitrile (SI 96%),
3.56 area% benzonitrile (SI 98%), 1.24 area% phenol, as well as several derivatives of benzoni-
trile, naphthalene, benzofuran and traces of other compounds. High chlorine (1914 ± 517 ppm)
and bromine (405 ± 10 ppm) concentration compared to lower boiling point fractions were
determined. This fraction’s water concentration exhibited 900 ± 141 ppm.

In the distillation residue (boiling point >225 ◦C), derivatives of naphthalene, benzene,
fluorene, anthracene, and pyrene were identified, containing high concentrations of chlorine
(1538 ± 36 ppm) and bromine (4316 ± 159 ppm).

The results from GC-MS, EDXRF, and water concentration analysis are summarized
and presented in Figures 2 and 3.
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Figure 4. Fractions obtained by fractional distillation.

4. Discussion

The pyrolysis of WEEE or flame-retarded polymers contained in WEEE with and with-
out catalyst has been conducted in a number of recent works [2,6,9,10,15,20–23,30,32,76,77].
Furthermore, mixed WEEE residues can vary widely in terms of composition, strongly
depending on their origin [1] (pp. 209–212) [2,3,7,9].

On average, the thermal conversion of WEEE at different temperatures yields 36 wt.%
condensate, 39 wt.% gas, and 25 wt.% solid residue [6]. Recent works yielded 71–91 wt.%
condensate, 3–21 wt.% solid residue and 2–8 wt.% gas from thermal pyrolysis of real mixed
WEEE at 600 ◦C in a laboratory scale [76,78]. The iCycle® process applied for this work
yielded 29 wt.% condensate, 32 wt.% solid residue, and 39 wt.% gas on a demonstration
scale plant. The converted WEEE contained around 40% metals and inorganics, which
explains the comparatively high amount of solids. Due to the operating temperature of
650 ◦C, the production of 39 wt.% gas is in an expectable range. However, the distribution
of the products is, aside from operational parameters and scale, also highly dependent
on the composition of the input material. Similar results (40 wt.% condensate, 30 wt.%
solid residue, 12.5 wt.% tar, and 13.5 wt.% gas) were found by Vasile et al. [77] throughout
the pyrolysis of mixed WEEE in a temperature range of 430–470 ◦C in a smaller demon-
stration scale plant. The produced oil (condensate) comprised a comparable content of
62.75 vol% aromatics as BTEX, styrene, and phenol derivatives. The condensate produced
throughout the present work was also very rich in monocyclic aromatic compounds (in-
cluding BTEX aromatics, styrene, phenol, and cresols), representing 76.81 area% in the
pretreated pyrolysis oil. Condensates by Santella et al. [76] contained less than 20 wt.%
aromatic compounds and mostly styrene. The pyrolysis oil produced from mixed WEEE
by Hall et al. [78] consisted mainly of phenol, isopropyl phenol (30.2 wt.%), and styrene
(5.9 wt.%), indicating major differences in the composition of the investigated feedstock.
However, Hall et al. [78] found a similar chemical composition of the liquid pyrolysis
product from waste refrigerators; bromine and chlorine contents of the condensate were
0.3 % and 0.1 %, respectively.

The current investigation showed that the pretreatment of the condensate in terms of
filtration and phase separation is capable of removing roughly 10 wt.% of substances as
solids and water that are undesired for further upgrading of the oil, as they are likely to
disturb the refinement processes to produce other materials, e.g., bulk chemicals or fuels.
Hence, the pretreatment technologies are crucial in terms of condensate processing, and
they need to be conducted before further upgrading.
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The chlorine and bromine concentrations of the investigated pyrolysis oil amount to
roughly 5000 ppm chlorine and 2000 ppm bromine. Other related works found less than
600 ppm chlorine and less than 900 ppm bromine in the pyrolysis oil from mixed WEEE [78].
This confirms the enormous differences in WEEE composition [7,72] and manifests the
need of the dehalogenation of pyrolysis oil in order to upgrade them to fuels or chemicals.

By means of fractional distillation, pure BTEX fractions and concentrated monocyclic
aromatic fractions were produced:

• Benzene fraction (88 area% benzene, 12 area% toluene)
• Toluene fraction (3 area% benzene, 96 area% toluene)
• BTEX/styrene fraction (27 area% toluene, 43 area% ethylbenzene, 4 area% xylenes,

25 area% styrene)
• Styrene fraction (17 area% ethylbenzene, 2 area % xylenes, 80 area% styrene)
• Phenol fraction (35 area% phenol, not considered as main product)

The results evidenced that the pyrolysis of WEEE shredder residues and subsequent
distillation of the condensate might be applied to produce high purity chemical fractions
which can be used as a feedstock in the chemical industry and in polymer synthesis
to produce virgin grade chemical products and polymers and also to substitute crude
oil consumption.

The chlorine and bromine concentrations were significantly reduced by up to 99% in
the distillate fractions. The EDXRF analysis showed that bromine accumulates in the distilla-
tion residue where chlorine concentration is decreased in all fractions, including the residue.
The decrease in chlorine concentration in all fractions promote the assumption that chlorine
(in the form of HCl) was dissolved in the oil and released throughout distillation [77].

In the first three fractions (RT–140 ◦C), bromine concentrations do not exceed 20 ppm,
which represents a reduction of 99% in relation to the crude condensate and can already be
sufficient debromination for the industrial application of the produced chemicals. Fractions
4–7 comprise bromine concentrations roughly between 200 ppm and 400 ppm, representing
a significant reduction from the initial oil (2151 ppm).

Fractions 1, 2, 4, and 6 chlorine concentrations were reduced to roughly 250–470 ppm
from 4843 ppm in the initial oil. Fraction 3 and 5 still comprise 913 ppm and 1914 ppm
chlorine, respectively. Further dehalogenation is needed in order to reuse such fractions for
industrial applications [77].

Beside the chemicals, the solid fraction is also suitable for recycling. It can be supplied
to copper smelters, where metals are recovered. The gas can be used for energy recovery
after treatment as described in Figure 1. The water phase, however, needs to be treated as
hazardous waste as it contains metal compounds, organic, and halogen residues.

Several studies in the field of chemical recycling of WEEE have investigated the
production of fuels, which is less valuable as a product compared to high-purity monocyclic
aromatic fractions. Furthermore, the chemical recycling to valuable basic chemicals and
monomers has a positive environmental impact in terms of climate change and fossil
resource depletion compared to the productions of fuels. Thus, the conversion of WEEE to
valuable chemicals has great potential to close the loop of the nonmetal fraction of WEEE as
it will be mainly kept in the material cycle where the production of fuels entails the release
of the nonmetal fraction (especially in the form of carbon dioxide) to the atmosphere [79,80].

5. Conclusions

A significant amount of more than 200 kg real WEEE shredder residues from a Ger-
man recycling company were treated in a demonstration scale pyrolysis plant and the
subsequent fraction was distillated, in order to produce basic chemicals with high purity.
Such treatment of liquid pyrolysis products from WEEE shredder residues to produce
pure chemical fractions have not been reported yet. Thus, a new approach for recovering
valuable chemicals like aromatics from pyrolysis oil was investigated and was successfully
proven in a demonstration scale plant.

From the conducted experiments, it can be concluded that:
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• Pyrolysis is a promising technology for production of an intermediate oil for chemi-
cal upgrading.

• Pretreatment such as filtration and phase separation is capable of removing solids and
water, which are undesired for the further upgrading of the oil.

• It was proven that a combination of pyrolysis and subsequent fractional distillation is
a suitable method for the isolation of high purity BTEX fractions and concentrated
monocyclic aromatic fractions.

Current results revealed that a combination of filtration followed by fractional distilla-
tion is suitable for the reduction of halogen content. The halogen content was reduced up
to more than 99% in the obtained fractions. Therefore, the recovered aromatics have great
potential to be used as feedstock in chemical industry.

Estimations made by Fraunhofer UMSICHT suggest that the pyrolysis of WEEE for
the recovery of metals is already economically viable in a scale >250 kg/h. The recovery of
aromatics from WEEE nonmetal fraction instead of energetic utilization, however, enables
significant improvement of both economic and ecologic aspects of WEEE recycling.

Further research works need to be conducted on higher halogen reduction and are
part of our current projects. The development and scale-up of the presented technologies
are the next steps to implement the recovery of aromatic compounds from different plastic
waste streams in industry.
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Abstract: Plastic in the ocean, especially plastic on the ocean surface is not only researched intensively
but also photos and reports rise awareness of the challenge in the general public. While research is
concerned with the fate of marine litter in the environment, recycling of these materials after collection
is rarely addressed, mainly because there is neither considerable data on composition nor a suggested
process to do so. This study is the first to analyse and evaluate chemical recycling (pyrolysis,
gasification) and energy recovery (incineration) of marine litter. Two heterogenous marine litter
samples from Sylt and Norderney, North Sea, Germany, were analysed, consisting of six different
material groups. Agricultural mulch foil was used as reference material. The thermochemical
treatment processes were reproduced by thermogravimetric analysis. Furthermore, pyrolysis trials
on a semi-technical scale were conducted and the residues were analysed by proximate, ultimate
and X-ray fluorescence analysis. The results indicate that heterogeneous and weathered material
mixtures can be treated by thermochemical processes. Finally, the pyrolysis condensates are discussed
as substrate for biotechnological upcycling. In summary, we present a comprehensive approach
from the material characterisation of marine litter to the analysis of three different thermochemical
treatment processes and the possibility to use the generated pyrolysis condensate for subsequent
upcycling. The data collected form the basis for the evaluation and application of possible treatment
options for the collected marine litter.

Keywords: marine litter; waste treatment; plastic waste; pyrolysis; gasification; incineration; thermo-
gravimetric analysis; biotechnological upcycling; plastics recycling

1. Introduction

Plastics are a versatilely and controversially discussed topic. Due to the many advan-
tages of the various materials concerning durability, low-costs in production, light weight
and the possibility to fulfil numerous requirements (formability, heat resistance, insulation,
etc.) it is ubiquitous [1]. Historic production is estimated at 8300 million metric tons (Mt)
of virgin plastics with a waste generated of 6300 Mt [2].

While the materials themselves have a high added value, the problem of their material
characteristics arises when getting into the environment. Here, there are different ways
of entry which can be divided into land-based including river transport and ocean-based
including oil and gas platforms [3]. Causes are littering, industries, natural storm events,
wear and tear and defective waste management. The plastic leakage of land-based, mis-
managed waste which is entering the oceans from coastlines is calculated to an annual
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amount of 4.8 to 12.7 Mt taking into account solid waste, economic status, population
density and coastal access [4]. After entering the environment, plastics are transported
mainly in riverine systems, temporarily accumulate on sediments, in soils and on water
surfaces and eventually deposit on the sea floor as a final sink [3].

Based on an oceanographic model which was additionally calibrated with data from
numerous expeditions, Eriksen et al. [5] estimated the total count of plastic pieces and
its weight floating in the oceans worldwide (Table 1). Thereby, the results showed a total
count of 525.0 × 1010 plastic particles with a total weight of 2689.4 × 102 tons. The results
do not consider the plastics that sank to the ground.

Table 1. Estimated count of plastic pieces (all size classes) and its weight floating in the oceans
worldwide: North Pacific (NP), North Atlantic (NA), South Pacific (SP), South Atlantic (SA), Indian
Ocean (IO), Mediterranean Sea (MED) (data from Eriksen et al. [5]).

NP NA SP SA IO MED Total

Count [n × 1010] 199.0 93.0 49.1 29.7 130.0 24.7 525.0
Weight [t × 102] 964.0 564.7 210.2 127.8 591.3 231.5 2689.4

Research on plastic in the environment started in 1972 [6]. Since then, many terms
and definitions have been used describing this contamination focusing different aspects,
such as size (nano-, micro-, meso- and macroplastic, macro litter), shape (plastic debris) or
origin (anthropogenic litter, marine litter, marine plastic, plastic litter) [3]. These different
terms make it particularly difficult to compare results of already published studies and
thus to derive further prevention and waste treatment strategies.

A frequently used term also applied on a political level (United Nations, European
Commission, Joint Group of Experts on the Scientific Aspects of Marine Environmen-
tal Protection) is ‘marine litter’ [7–9]. According to the United Nations Environment
Programme marine litter is defined as ‘any persistent, manufactured or processed solid
material discarded, disposed of or abandoned in the marine and coastal environment’ and
thus includes not only plastics but also other possible waste fractions and emphasises the
heterogeneity of the material [7].

The ocean surface can be seen as temporary sink within the life cycle of marine litter,
as there are already different technical solutions to collect these waste items: extraction by
vacuum, skimmer, air barrier, sand filters, drones and robots, waterway litter traps, detec-
tion aids, boats and wheels, river booms, large-scale booms and miscellaneous capture [10].
After the collection of marine litter, a further application in terms of recycling is required.
In general, there are different treatment possibilities for waste plastics (Figure 1).

Although these methods are proven as treatment processes for plastics, especially
the recycling routes are mainly restricted to pre-processed, sorted and separated polymer
fractions. Considering marine litter in particular, additional points of conflict occur since
the material is not only very heterogenous but also strongly weathered by various envi-
ronmental influences. These external influences include mechanical degradation based on
wave movement and sandy shores as well as degradation due to UV radiation, oxidation
and the general process of biofouling [11]. Leaching of chemical additives (e.g., plasticisers)
within the plastic fraction due to external influences additionally changes the material
properties [12].

There are no standardised treatment processes for marine litter to date caused by
missing recovery and recycling strategies. Furthermore, research on the applicability
of treatment and recycling processes for marine litter is still lacking. This study is the
first to analyse thermochemical waste treatment processes in application for marine litter
comparing the methods of pyrolysis, gasification and incineration on a laboratory scale
(Figure 1).
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PLASTICS LIFE CYCLE Focus of this study

WasteCrude oil

Pyrolysis

Gasification

Incineration

Marine litter

?
?
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Processing Polymerisation Processing UtilisationProductsPlasticsMonomerHC-fractionsRefining

Figure 1. Life cycle of plastics with focus on the investigations of this study. (Figure: Peter Quicker) In terms of environmental
input, the figure does not represent the entire life cycle of plastics, which is shown in Reference [3].

2. Materials and Methods

The material used in this study consists of three batches. The batches one and two
were procured by Pacific Garbage Screening and originate from the North Sea where it was
collected on Sylt and Norderney (Table 2). The sampling sites are shown in Figure 2. The
materials were washed up on the beach and due to their location, origin and appearance
the materials meet categorisation criteria for marine litter (ML). Manual collection was
carried out randomly. Therefore, the material cannot be considered representative for the
total waste load of the respective beach. The third batch used as reference material was
commercial mulch foil for agricultural usage purchased from a hardware store.

Table 2. Material characteristics of the two batches of marine litter and mulch foil.

ML Sylt ML Norderney Mulch Foil

Characteristics
Marine litter washed up on the

beach and mostly collected after
high tide

Marine litter washed up on
the beach.

Virgin grade LD-PE mulch
foil (black)

Localization
North Sea Germany, Sylt, Wadden

Sea National Park Sylt, West
Beach and East Beach

North Sea Germany,
Norderney, Wadden Sea

National Park Norderney,
Norderney East

-

Coordinates 55.014167◦ N
8.370444◦ E

53.715902◦ N
7.283360◦ E -

Weight 5478 g 4522 g 975 g

Volume 0.08 m3 0.162 m3 -

Date of collection 22 April–15 May 2020 17 April 2020 -
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Figure 2. Overview map of the sampling sites (marked black). (A) Norderney: the material was samples within a radius of
approx. 250 m in a chain of dunes south of the “Schlopp” (garbage hotspot), (B) Sylt: the sampled section reached from
„List Weststrand Strandsauna“ to “List Westfeuer am Ellenbogen” and additional material was sampled at “List Oststrand
Wattenmeer.” (Figure: Simone Lechthaler, Johann Hee).

2.1. Material Composition According to Material Group Catalogue

The sorting of the samples revealed a mixture of various types of material. They were
sorted by hand according to a material group catalogue consisting of the following: 3D
plastics, films, metals, nets, rubber, foamed plastics and others (e.g., glass and unidentifiable
items). After sorting, the fractions were weighed to determine gravimetric composition
(Table 3). Subsequently, the type of plastic of the individual materials was determined
using a laboratory scale near-infrared spectroscopy (NIR) analyser.

Table 3. Composition of the marine litter (ML) samples used in this study [wt%].

Material Group ML Norderney ML Sylt

3D plastics 88 wt% 15 wt%
Films 10 wt% 6 wt%

Metals 1 wt% 2 wt%
Nets - 55 wt%

Rubber & Elastomers - 8 wt%
Foamed plastics <<1 wt% 5 wt%

Others 1 wt% 9 wt%
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2.2. ML Sylt

In the ML Sylt sample, the nets fraction made up the highest proportion with 55 wt%
(Table 3). As shown in Figure 3D, the nets consisted of different types of plastic such as
polypropylene (PP) and high-density polyethylene (HDPE). 3D plastics made up 15 wt%
of the total weight. In contrast to ML Norderney, there were no bottles within the sampled
material. This fraction mostly comprised fragments of boxes, caps and canisters made of
polystyrene (PS), PP, polyvinyl chloride (PVC), HDPE and acrylonitrile butadiene styrene
(ABS) (Figure 3A). 8 wt% were rubber and elastomers, like the glove shown in Figure 3E
and 6 wt% films consisting of PP, PVC, PA, HDPE and PS. Foamed plastics made up 5 wt%
of the total weight including polyethylene terephthalate (PET), PS, HDPE and polyurethane
(PUR) foams. Non-polymer materials of the sample made up 9 wt% and consisted of glass,
textiles, bones or feathers. Metals, like the spray can shown in Figure 3C, represented 2
wt% of the sample.

Figure 3. ML fractions Sylt: (A) 3D Plastics; (B) Films; (C) Metals; (D) Nets; (E) Rubbers & Elastomers; (F) Foamed Plastics
and (G) Others. The scale amounts to 1 cm per section (Picture: Jacqueline Plaster, Johann Hee).

2.3. ML Norderney

For the ML Norderney sample, the 3D fraction made up the highest proportion with
88 wt%, comprised of plastic bottles (Table 3 and Figure 4A). The materials from this
fraction consist mainly of PET, PP and HPDE but also PS and PUR. Films made up 10 wt%
of the total quantity including PVC, HDPE, PS, PP, ABS (Figure 4). The remaining portion
(1 wt%) consisted of metals, others (1 wt%) and foamed plastics with less than 1 wt% in
relation to the total weight. In contrast to the material from Sylt, no nets were found.
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Figure 4. ML fractions Norderney: (A) 3D Plastics; (B) Films; (C) Metals; (D) Foamed Plastics and (E) Others. The scale
amounts to 1 cm per section (Picture: Jacqueline Plaster, Johann Hee).

2.4. Selection of A Comparative Material

For the thermochemical conversion experiments investigating the behaviour of ML
in thermal waste treatment processes, mulch foil was chosen as a reference material for
the two ML fractions. Mulch foil is often used in agriculture for vegetable production to
enhance the soil temperature and to protect crops from unfavourable growing conditions,
such as weed growth, evaporation of soil moisture and the spread of soil-borne diseases.
The material usually consists of PE from fossil resources which is hardly biodegradable.
Due to its benefits and leading to a higher harvest yield the use of mulch foil increased
rapidly over the last decades. At seasons end the material requires collection and disposal.
Instead, because of wear and tear, photodegradation, lack of waste collection at seasons
end and its durability the material continuously accumulates in the environment and thus
becomes an increasing contamination [13,14].

Recent developments in recycling processes focus on the biotechnological degradation
of PE and subsequent enzymatical conversion of decomposition products into precursor
chemicals. The most promising results in precursor yields are currently observed at
microbial fermentation experiments on pyrolysis condensate from PE. [15] A possible aim
for future so called biotechnological upcycling is to include a pyrolytic pre-treatment to
provide access to a suitable carbon source. Consequently, the mulch foils are a suitable
reference material for evaluating the behaviour of a homogeneous fraction in thermal waste
treatment processes in comparison to heterogenous ML.
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2.5. Chemical Composition of Material Samples

For the analytical determination of their chemical composition and thermogravimetric
analysis (TGA) trials the respective material fractions were mixed again, shredded and
sampled in accordance with LAGA PN 98 [13]. After separation of metallic fractions, the
samples were milled to <1 mm grain size.

Table 4 depicts the results of laboratory analyses of the raw materials used in ther-
mochemical conversion trials. The two types of marine litter ML Sylt and ML Norderney
show similar results both in proximate and elemental composition. Apart from the ash
contents of 13.52 and 10.55 wt%, they mainly consist of volatile matter of 84.6 and 91.0 wt%
respectively. Both present a similar relation of carbon and hydrogen while the ML Sylt sam-
ple additionally shows significant amounts of nitrogen, sulphur and chlorine as potential
pollutant precursors. Comparatively the virgin nature of the mulch foil reference sample
becomes apparent, containing no detectable pollutant precursors and negligible amounts
of ash. Subsequently it delivers the highest values for C, H and energy content.

Table 4. Characteristics of ML fractions and mulch foils (as received) (* n = 2; ** n = 3).

ML Sylt ML Nordenery Mulch Foil

Proximate analysis * (wt%)
Moisture <0.2 <0.2 <0.2

Ash (550 ◦C) 13.52 10.55 0.83
Volatile matter 84.6 91.0 96.8

Ultimate analysis ** (wt%)
C 68.2 66.8 85.6
H 9.2 9.5 13.6
N 0.7 <0.1 <0.1
S 0.6 <0.1 <0.1
Cl 1.3 0.5 <0.1

Calorific value * (kJ/kg)
33,430 35,970 42,920

2.6. Experimental Setup

The thermochemical experiments were conducted in a Linseis STA PT1600 thermobal-
ance. The furnace chamber can be purged with different gases and thus different processing
atmospheres can be set. The sample material was placed in a crucible, which rested on
a thermocouple measuring the sample temperature through the ceramic bottom. All
experiments were conducted with a heating rate of 30 ◦C/min up to 850 ◦C sample temper-
ature. To establish the atmospheric conditions of pyrolysis, gasification and incineration
a mass-flow-controller for nitrogen and synthetic air was used. During the experiments,
the weighing system of the thermobalance was protected by nitrogen as purge gas flow
at 75 mL/min, not interfering with the conversion process. The sample gas, which de-
termines the thermochemical process, was injected separately and flushed the sample at
50 mL/min. Pyrolysis was performed in nitrogen atmosphere while synthetic air was used
for incineration. For gasification, an air ratio of 0.3 was calculated based on data from fuel
analysis and nitrogen and synthetic air flow set accordingly.

The sample materials created for laboratory analysis were also used as sample material
in the TGA. The sample weight was 100 mg per trial and at least three repetitions (n) were
carried out.

Pyrolysis trials were repeated for all three materials in a retort furnace with an in-
creased sample size of 0.5 kg. As shown in Figure 5, the setup consisted of a modified
Thermconcept KM 70/13 chamber furnace containing a stainless steel retort as fixed-bed
reactor.
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Figure 5. Retort furnace for pyrolysis (Figure: Kai Schlögel).

To ensure oxygen exclusion and thus pyrolytic conditions, the retort was continuously
flushed with nitrogen. The furnace was heated up at a rate of ca. 8–10 K/min. To minimise
the risk of sudden pressure rises the heating program involved a 30 min plateau at 250 ◦C
before heating up to the target temperature of 700 ◦C and holding for another 30 min. The
pyrolysis gas produced in the retort was led through steel containers tempered to −20 ◦C
to collect all condensable components. In case of blockage this condenser can be bypassed
through a bursting disc which was not necessary in the presented trials. The remaining
permanent gas fraction was burned in a post-combustion chamber to minimise harmful
gas emissions. After each trial, char and condensable product fractions were collected
from the retort and the condenser respectively and analysed for proximate and elemental
composition. As mentioned above, the condensate was additionally used for pre-trials in
biotechnological processing. On this basis, an outlook is given for its potential to produce
precursors for chemical industries.

2.7. Biotechnological Upcycling

Microorganisms can colonise various habitats by metabolising a variety of molecules.
In biotechnology, this potential is applied by converting inexpensive substrates into eco-
nomically interesting molecules. For this purpose, microbes are isolated from diverse
habitats. Hydrocarbon-degrading microbes can be found for example in soils and sedi-
ments and even enriched in the event of an oil-spill [16]. Lignolytic microbes often have the
properties to degrade polycyclic aromatic hydrocarbons [17]. The idea of biotechnological
upcycling is to use those abilities to metabolize pyrolysis condensate components and
convert them into molecules that can be further used in the sense of a circular economy [18].

The approach to utilise pyrolysis condensate as feedstock has already been demon-
strated for pure fractions. Ward et al. [19] were able to produce the biodegradable plastic
polyhydroxyalkanoate (PHA) by feeding Pseudomonas putida CA-3 with pyrolysis oil from
polystyrene (PS). For the pure fraction of polyethylene (PE), a pyrolysis condensate consist-
ing of 99% alkanes and alkenes was also converted to PHA with Pseudomonas aeruginosa
PAO-1 [20]. Pure polyethylene terephthalate (PET) pyrolysis condensate, which mainly
consisted of oligomers of terephthalic acid, was added to a sodium hydroxide solution,
resulting in 97% terephthalic acid of the solid fraction. Kenny et al. [21] were able to isolate
several bacteria, also of the genus Pseudomonas, which metabolise terephthalic acid and
thus also capable produce PHA from the PET pyrolysis condensate.

These studies each used a pure plastic fraction as starting material. In the case of mixed
polymer fractions, the composition of the pyrolysis condensate can differ considerably from
the pyrolysate of the pure fraction. It can consist of a mixture of all the substrates described
above and additional molecules. The organism growing on this mixture must be able to
ideally convert a wide range of substrates and tolerate the presence of potentially toxic

160



Processes 2021, 9, 13

substances. Furthermore, the following requirements apply when using mixed-fraction
pyrolysis condensate as a substrate:

1. The hydrophobic condensate must be introduced into the microbial liquid culture in
such a way that the microbes are able to access and use it as carbon source. Some mi-
crobes naturally produce biosurfactants to gain access to hydrophobic substrates. To
improve substrate uptake, bioavailability can be increased by the targeted application
of biosurfactants such as rhamnolipids [20]. With increased organic phase surface,
the mass transfer into the water phase or directly to microbes increases, allowing
increased conversion rates.

2. In the next step, the microbe must be able to transfer the molecule into the cell, while
the cell wall normally serves as a barrier for hydrophobic compounds. Therefore, the
microbe must possess transporters supporting this transfer such as an alkL pore in
the outer cell membrane of some alkane-degrading Pseudomonas [22].

3. After uptake of the hydrophobic molecules into the cell, the microbe must be equipped
with biochemical pathways for their degradation. Here, the metabolic funnel of mi-
crobes allows ideally the co-consumption of alternative carbon and energy sources [23],
while the use of synthetic microbial mixed-cultures are discussed, in which microbial
members take-up individual degradation tasks, converting the mixed substrate source
to a single product [24].

3. Results and Discussion

3.1. Thermogravimetric Analysis

In total 39 marine litter trials were conducted with TGA to simulate pyrolysis (n = 14),
gasification (n = 11) and incineration (n = 14).

The curves of the TGA (Figure 6A, Figure 7A, Figure 8A) and first derivative of TG
(DTG) (Figure 6B, Figure 7B, Figure 8B) show similar trends for pyrolysis, gasification and
incineration. As expected, the curves for the homogeneous reference material mulch foils
are significantly smoother in all trials. However, the curves for the individual materials
differ in relation to the respective thermochemical process. Pyrolysis mass losses were
determined for ML Sylt at 79 wt%, Norderney at 88 wt% and mulch foils at 91 wt%. For
all materials, the TGA and DTG signal show gradual progress of further mass loss above
500 ◦C until the end of the programme, which indicates a migration of fixed carbon to
volatile phase.

For ML Sylt, mass loss for gasification (Figure 6) increases (compared to pyrolysis)
insignificantly up to 80 wt%. The increase in mass loss of the other two materials is
larger and an indication that the char remaining after pyrolysis is gasified. In the case of
incineration, the analysis results of the ash content listed in Table 4 differ from those of
the TGA for ML. As shown in Figure 7, the ash content can be determined for ML Sylt
at 14 wt%, ML Norderney at 5 wt% and mulch foil at 0.1 wt%. Reason for this difference
is the heterogeneity of the collected sample or the calcination of contained carbonates at
temperatures above 550 ◦C in TGA.

TGA measurements can vary greatly depending on the sampling. Figure 9 shows a
comparison of determined sample mass constancy of all conducted TGA trials. In order to
evaluate the significance of the TGA trials independently of the heterogeneity of the sample,
the deviation from the reference material mulch foil can be considered. The complexity of
the investigated thermochemical processes pyrolysis (A), gasification (B) and incineration
(C) are clearly visible. Further oxidation decreases deviation in total.
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Figure 6. (A) shows the thermogravimetric analysis (TGA) mean value of pyrolysis. (B) shows the standardised derivative
of TG (DTG) signal. (ML Sylt n = 5, ML Norderney n = 5, Mulch foil n = 4).

Figure 7. (A) shows the TGA mean value of gasification. (B) shows the standardised DTG signal. (ML Sylt n = 4, ML
Norderney n = 4, Mulch foil n = 3).

Figure 8. (A) shows the TGA mean value of incineration. (B) shows the standardised DTG signal. (ML Sylt n = 5, ML
Norderney n = 5, Mulch foil n = 4).
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Figure 9. Comparison of determined sample mass constancy of all conducted TGA trials. (A) shows deviation for pyrolysis:
ML Sylt n = 5, ML Norderney n = 5, Mulch foil n = 4. (B) shows deviation for gasification, ML Sylt n = 4, ML Norderney
n = 4, Mulch foil n = 3. (C) shows deviation for incineration: ML Sylt n = 5, ML Norderney n = 5, Mulch foil n = 4.

Table 5 shows the measured reaction temperatures and calculated standard deviation,
respectively. Ti indicates the initial temperature when 1 wt% mass loss is quantified while
Tc shows the end of the reaction and a 99 wt% mass constancy. Tp marks the temperature of
the highest relative mass loss as calculated by the derivation of the TGA signal. Although
no moisture could be quantified in the sample of ML Sylt, initial mass loss can be observed
at temperatures below 150 ◦C. The temperature of the reaction peak ranges from 438–467 ◦C.
Tp differs slightly between the ML fractions, while Tp for mulch foil is very constant. Based
on Tc, it can be observed that devolatilization of ML during pyrolysis is significantly slower
and occurs up to high temperatures. The reaction with oxygen during incineration is
completed earlier that is, at lower temperatures. In conclusion, it can be stated that the
standard deviation for the results of the ML fractions is consistently higher than for the
mulch foils.

Table 5. Overview of the specific reaction temperatures and calculated standard deviation. Ti

indicates the initial temperature when 1 wt% mass loss is quantified while Tc shows the end of the
reaction and a 99 wt% mass constancy. Tp marks the temperature of the highest relative mass loss as
calculated by the derivation of the TGA signal.

ML Sylt ML Norderney Mulch Foil

Ti [◦C]
Pyrolysis 137.6 ± 37.1 187.6 ± 23.7 384.7 ± 5.2

Gasification 120.5 ± 9.6 226.0 ± 14.0 343.3 ± 5.2
Incineration 148.4 ± 31.4 212.8 ± 16.9 285.5 ± 7.0

Tp [◦C]
Pyrolysis 458.8 ± 1.6 456.8 ± 3.2 466.5 ± 2.2

Gasification 459.5 ± 1.7 437.5 ± 1.7 466.7 ± 0.9
Incineration 448.4 ± 4.5 440.0 ± 12.0 465.5 ± 3.8

Tc [◦C]
Pyrolysis 751.2 ± 20.6 666.0 ± 28.0 497.0 ± 7.3

Gasification 782.0 ± 24.0 747.5 ± 5.0 634.7 ± 10.5
Incineration 633.2 ± 36.2 580.8 ± 12.9 543.0 ± 6.6

3.2. Retort Furnace

The pyrolysis trials in the retort furnace allow separate capture of char and condensate
products and subsequent analysis of samples. The results are presented in Table 6. The
trials resulted in char yields ranging from 9.3–18.2 wt% and condensate yields of 21.5–
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32.3 wt%. As suggested by raw material analysis the char fractions from marine litter
educts contain higher amounts of ash and thus lower carbon. Elementary composition in
general reflects the results of ultimate analyses as shown in Table 4 with heteroatoms of
hydrocarbons concentrating in the char fractions up to 2.0 wt% of sulphur and 4.4 wt%
of chlorine. Ultimate analysis shows high contents of carbon and hydrogen for marine
litter condensates likely deriving form organic hydrocarbons while mulch foil condensate
leaves a significant gap in the balance of detectable elements. This does not match its
comparatively high calorific value suggesting an imprecision in elementary analysis. For all
educts calorific values of condensate exceed their respective char fractions, demonstrating
the release of energy-rich compounds in the pyrolysis process. These results appear
plausible considering the raw materials consisting mainly of ash and volatile matter.

Table 6. Characteristics of pyrolysis products derived from different plastic wastes (as received) (* n = 2; ** n = 3).

Sylt Char
Norderney

Char
Mulch

Foil Char
Sylt

Condensate
Norderney
Condensate

Mulch Foil
Condensate

Product fraction
(wt%) 18.2 14.8 9.3 24.1 21.5 32.3

Proximate analysis *
(wt%)

Moisture <0.2 <0.2 <0.2
Ash (550 ◦C) 84.89 52.75 27.57

Volatile matter 7.3 4.1 4.3
Ultimate analysis **

(wt%)
C 20.3 49.7 72.2 77.0 72.7 56.6
H 0.2 1.0 0.3 11.0 10.3 8.8
N 0.7 0.3 <0.1 0.4 <0.1 <0.1
S 2.0 0.2 0.3 0.1 <0.1 <0.1
Cl 4.4 3.0 <0.1 0.2 0.9 <0.1

Calorific value
*(kJ/kg)

8590 18,440 25,080 41,500 37,210 42,170

For further elemental analysis of the pyrolysis products an X-ray fluorescence (XRF)
analysis was performed and the detected elements with the highest mass fractions were
plotted as shown in Figures 10A, 11A and 12A. Furthermore, the content of heavy metals
mentioned in the German ordinance for waste incineration (17. BImSchV) was determined
in the samples and plotted on the right side (B). Due to the methodical detection limits of
the XRF analyser, sodium (Na) and magnesium (Ma) were not included for condensate
products. The XRF analysis of the ML raw materials shows significantly increased contents
of sodium, silicon and calcium compared to the reference material (Figure 10A). These
elements are used in plastics manufacturing as additives with the function of for example,
filler and reinforcing material [25]. However, the cause of the increased concentration in
ML could be explained by the origin from sand and soil before collection. As shown in
Figure 12 almost all elements are concentrated in the pyrolysis char. Amounts of potential
harmful substances were found in low quantities in all the samples, peaking at 0.015 wt%
lead for ML Sylt raw material and 0.35 wt% in the char, which had been expected higher
for material containing fishing gear. The lead is partly built into the ropes as a weighting
for the nets to improve sinking in the water. Previous studies showed lead contents of up
to 0.75 wt% in the raw material and 2.25 wt% in the char of ML [26]. Norderney condensate
and mulch foil char evince unexpected measurements, as contents of iron, chromium and
nickel show the same ratio, which indicates cross-contamination with stainless steel in the
sample pre-treatment.
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Figure 10. Mass fraction of selected elements in raw material determined by X-ray fluorescence (XRF) (n = 2). (A) shows
detected elements with the highest mass fractions. (B) shows heavy metals mentioned in the German ordinance for waste
incineration (17. BImSchV).

Figure 11. Mass fraction of selected elements in pyrolysis condensate determined by XRF (n = 2). (A) shows detected
elements with the highest mass fractions. (B) shows heavy metals mentioned in the German ordinance for waste incineration
(17. BImSchV).

Combining the results of pyrolysis product analysis with those of gas measurements al-
lows examining the distribution of selected elements. Carbon and hydrogen were balanced
according to their recovery rate in the product fractions, results are presented in Figure 13.
Comparing elementary content in raw material with the accumulated content in pyrolysis
products shows minor deviations in relation to the methodically inevitable imprecisions
especially in pyrolytic processes. Carbon distributes across all three product fractions while
hydrogen almost completely releases from the solid phase. In both elemental balances the
gas fraction represents by far the highest fraction, due to slow cooling rates and thus high
residence time in the gas phase allowing further cracking of condensable components into
permanent gases. The distribution of elements across the product fractions is similar in all
trials conducted.
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Figure 12. Mass fraction of selected elements in pyrolysis char determined by XRF (n = 2). (A) shows detected elements
with the highest mass fractions. (B) shows heavy metals mentioned in the German ordinance for waste incineration (17.
BImSchV).

Figure 13. Elementary balances of pyrolysis products compared to analysed content in raw material. (A) carbon distribution
across product fractions in wt%. (B) hydrogen distribution across product fractions in wt%.

To rank the transferability of results from the different experimental setups the distri-
bution of pyrolysis products from the retort furnace are compared to the residual mass from
the TGA setup. The latter one represents the char fraction while the mass loss is ascribed
to the volatile compounds as a sum parameter consisting of condensate and gas as they
correspond to the retort furnace. As presented in Figure 14 the char yields of the materials
show very similar results in retort furnace and TGA setup. Both experiments used low
heating rates of 8–10 ◦C/min and 30 ◦C/min thus returning virtually equal amounts of
char. Target temperature (700 ◦C for retort furnace, 850 ◦C for TGA) appears to have an
insignificant influence. Overall results validate both experimental setups used, suiting
them for general material characterisation.

166



Processes 2021, 9, 13

Figure 14. Comparison of product yields from pyrolysis trials in retort furnace and TGA in wt%.

The three pyrolysis condensates of this study are unexpectedly of wax-like consistency.
Previous studies on ML pyrolysis in the same retort furnace produced liquid condensates
of honey-like consistency for the temperature investigated [26]. The current focus of the
upcycling-efforts therefore is on requirement 1 (Section 2.7) how to make the conden-
sate bioavailable by introduction into the liquid culture. Solvents and biosurfactants are
tested for the ability to dissolve the condensate and their biocompatibility. As shown in
Figure 15C,D, simply supplementing the liquid medium with the condensate and rham-
nolipids, as in the study of Guzik et al. [20], will not be sufficient with the condensates
of this study. One promising solvent is ethyldecanoate (Figure 15A), which has recently
been shown to not affect the growth of Pseudomonas putida KT2440 but to be suitable for
biotechnological application [27].

Figure 15. Pyrolysis condensate in the solvents (A) ethyldecanoate; (B) hexadecane; and water supplemented with each
10% of the emulsifiers; (C) rhamnolipids and (D) Tween80 (Picture: Kristina Bitter).

Biocompatibility is tested with several strains of Pseudomonas but also other metabolic
versatile organisms with affinity towards hydrocarbons as Rhodococcus opacus who harbours

167



Processes 2021, 9, 13

genes for the AlkB monooxygenase [28] and known alkane-degrader Alcanivorax borku-
mensis [29] fulfilling requirements (2) and (3) (Section 2.7). In the following step, potential
growth of microbes on pyrolysis condensate will be monitored via CO2-development.
When bacterial growth on the mixed-plastic pyrolysis condensate can be confirmed, the
production of valuable compounds will be investigated.

4. Conclusions

The investigations performed and results presented refer to the collected material of
the ML Norderney and ML Sylt. Since the collection was carried out randomly and without
standardized conditions, it cannot be considered representative of all the waste washed up
on the beach on Norderney and Sylt or other locations. The ML presented in this study
rather shows the randomness of the composition of waste samples.

The results presented in this study demonstrate the principal possibility of thermo-
chemical treatment of ML. The determined fluctuations in reaction temperatures, ash
content or pollutants do not pose any problems for thermal treatment plants with state
of the art process and emission control systems. Process selection depends on legislative
incentives and possible cascaded recycling of intermediate and end products.

Conclusively, the necessity of tackling the pollution of the World Ocean with ML
becomes obvious. Pyrolysis as part of a chemical recycling process needs extensive pre-
treatment to remove impurities, for example, by crushing and sorting. The obtained
condensable fractions present a valuable product for material recovery. Combustion of
pyrolysis gases supplies the necessary process heat. The pyrolysis char is contaminated with
pollutants such as heavy metals and must be post-processed safely in waste incineration
plants for energy recovery and discharge of pollutants.

The use of condensable fractions for biotechnological upcycling presents an innovative
approach to access the material potential of plastics unsuitable for mechanical recycling
sustainably. Biotechnological use of pyrolysis condensate poses many challenges but
versatile microbes as Pseudomonas might be able to meet them. They offer opportunities to
produce valuable molecules for further industrial applications, thus reintegrating plastic
waste fractions into a circular economy.
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Abstract: The complexity of the waste stream of spent lithium-ion batteries poses numerous chal-
lenges on the recycling industry. Pyrometallurgical recycling processes have a lot of benefits but
are not able to recover lithium from the black matter since lithium is slagged due to its high oxygen
affinity. The presented InduRed reactor concept might be a promising novel approach, since it does
not have this disadvantage and is very flexible concerning the chemical composition of the input
material. To prove its basic suitability for black matter processing, heating microscope experiments,
thermogravimetric analysis and differential scanning calorimetry have been conducted to character-
ize the behavior of nickel rich cathode materials (LiNi0.8Co0.15Al0.05O2 and LiNi0.33Mn0.33Co0.33O2)
as well as black matter from a pretreatment process under reducing conditions. Another experimental
series in a lab scale InduRed reactor was further used to investigate achievable transfer coefficients
for the metals of interest. The promising results show technically feasible reaction temperatures of
800 ◦C to 1000 ◦C and high recovery potentials for nickel, cobalt and manganese. Furthermore, the
slagging of lithium was largely prevented and a lithium removal rate of up to 90% of its initial mass
was achieved.

Keywords: lithium-ion-batteries; pyrometallurgical recycling; carbothermal reduction

1. Introduction

Since 1979, when Goodenough et al. finally tested LiCoO2 (short: LCO) as a cathode
material, the development and commercialization of electrochemical energy storage based
on the lithium-ion technology has been steadily pushed forward [1,2]. Lithium-ion-batteries
(LIBs) basically consist of the same components such as anode, cathode, separator or
electrolyte as can be found in other battery technologies. This basic principle has not
changed since 1979 and therefore also applies to modern LIBs. However, the initially
used LCO cathode material is now just one option on a long list of alternatives like NCA
(LiNixCoyAlzO2), NMC (LiNixMnyCozO2) or LFP (LiFePO4) materials [3]. The variety
of cathode materials is not only based on the fields of possible applications that reach
from mobile electronics to e-mobility or stationary storages and their respective demand
for performance (energy and power density) or safety aspects, but also on factors like
raw material prices, supply risks or social and ecological sustainability. Concerning the
development of the LIB market numerous publications can be found. Especially the electric
automotive sector will benefit from decreasing costs made possible by mass production
and optimized cell chemistry. Berckmans et al. [4] states that by 2030, the cut of fully
electric or hybrid vehicles will rise to 25% of the total vehicles sold. In view of the high
amount of valuable metals that are contained in LIBs, especially in their cathode materials,
and the predicted market demand [5], an efficient recycling process in order to recover the
mentioned valuable metals is absolutely necessary.

In general, the recycling of LIBs can be divided into three processing steps, namely pre-
treatment, metal extraction and metal refining. The recycling chain of LIBs usually starts
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with pre-treatment processing which aims to separate battery components like the battery
management system or the housing and the corresponding materials such as plastics or iron
from the active materials of the battery electrodes. For pre-treatment, various processes can
be found which differ more or less from each other. Basically, steps during pre-treatment are
sorting, dismantling deactivation and mechanical processing and separating. Said active
materials–after pre-treatment they are also known as black matter–mainly consist of lithium
metal oxides or lithium iron phosphate, carbon and residues from the electrode conductor
foils. Umicore’s Valéas process, for example, is an exception since it does not need a usual
pre-treatment but uses the batteries directly in their pyrometallurgical process. [2,6–12].

While the obtained metal and plastic scrap can be recycled directly, the produced
black matter that contains the valuable metals needs to be further treated in a metal
extraction step to recover Li, Ni, Co and Mn, at best in a quality that is suitable for
closed loop recycling. Therefore, pyro-, bio- and hydrometallurgical methods can be used.
Biometallurgical processes like bioleaching are considered as environmentally friendly and
low cost alternatives to conventional hydrometallurgy, capable of reaching recovery rates
of more than 98% for Ni and Co and more than 80% for Li but suffering from low kinetics
and resulting poor throughput rates [13–19].

Typical hydrometallurgical procedures, used to recover metals from black matter, are
leaching, solvent extraction, chemical precipitation or electrochemical deposition, with
which a high selectivity and therefore product purity can be achieved [20]. The possible
recovery rates for Ni, Mn, Co and Li, as for example reported by He et al. [21], can be close
to or even higher than 99%. The obtained salts or concentrates can usually be directly used
for the production of new cathode materials as it is the case for the Duesenfeld process
described by Elwert and Frank [22]. An indication of the importance of hydrometallurgical
recycling of spent LIBs is, among other things, the high intensity of research activities in
this field. According to Huang et al. [23], more than half of the recycling processes that are
currently under investigation are related to hydrometallurgical processing.

Pyrometallurgical approaches use high temperatures, usually above 1400 ◦C, and
reducing conditions to recover valuable metals as a metal alloy. The advantages lie in
the experience with and the properties of conventional pyrometallurgical units which
are less complex and less vulnerable, e.g., to organic impurities in the black matter, than
their hydrometallurgical counterparts. The decisive factor in this regard is the oxygen
potential of the contained metals, which is for example low for Ni and Co, leading to a
relatively low-effort recovery. On the other hand, the similarity of the oxygen potential
between Ni and Co reduce the selectivity of pyrometallurgical processes since they cannot
be recovered separately but only as an alloy. The oxygen potential is also responsible for
one of the biggest disadvantages of pyrometallurgy. Lithium, which has a much higher
oxygen affinity, cannot be recovered as part of the metal alloy but is bound as an oxide in
the slag instead [2,20,24–26].

The refining step is usually based on hydrometallurgical methods and aims for a closed
loop recycling. Hence, it mainly applies on the metal alloy and slag from pyrometallurgical
processing, which without further treatment, cannot be used for the production of new
LIBs. The treatment of the metal alloy aims for a separation of the contained metals, while
the slag treatment’s goal is to recover Li, which is often technically but not economically
feasible due to the low Li content in the slag. [2,20,22,27]

However, it can be summarized that there are still a lot of uncertainties in the LIB
recycling chain. Not only the development of the waste stream itself, also the number
and diversity of pre-treatment processes lead to varying black matter compositions and
qualities. For pyrometallurgy, the lack of Li recovery options is a major problem that is not
yet solved, but however, gives the desired novel approach with the InduRed reactor a good
opportunity to establish itself as an alternative to conventional processes.

The mentioned InduRed reactor might be a possibility to achieve a simultaneous
recovery of Ni, Co, Mn as well as Li with a pyrometallurgical process. The existing pilot-
scale reactor concept, shown in Figure 1a,b, consists of a packed bed of graphite pieces that

172



Processes 2021, 9, 84

is inductively heated by surrounding copper coils. The input material is fed continuously
with up to 10 kg/h from the top onto the hot graphite bed. The uppermost induction coil
powers the upper third of the reactor where the input material melts and forms a thin
molten layer that moves downwards. A second induction coil, placed half way down the
reactor, induces enough power so that reduction reactions can take place. Gaseous reaction
products are then removed from the reactor via a flue gas pipe whereas the liquid products
move further down. The third induction coil makes sure that the temperature within the
reactor can be maintained well above the melting temperature of the mixture and enables
a continuous flow out of the bottom of the reactor. The advantages of the reactor are the
low oxygen partial pressure, the possibility to control different temperature zones, and the
big reaction surface due to the graphite bed. Furthermore, the contact time and intensity
between gaseous reaction products and the molten phase can be limited because they
only need to pass a thin layer or droplets instead of a molten bath like in conventional
pyrometallurgical furnaces. Originally, the reactor concept was developed for the recovery
of phosphorus from sewage sludge ashes, which is described by Schönberg [28]. The
concept was later also adapted by Ponak et al. [29,30] to treat basic oxygen furnace slag
with limited iron phosphide formation.

 

(a) 

 

(b) 

Figure 1. (a) Schematic illustration of the so called InduRed reactor and (b) said reactor operating at
a test series for metal recovery from basic oxygen furnace slag. [29,30].

The aim of this work is to investigate if said reactor concept can potentially also
provide a solution for LIB black matter recycling.

For the determination of the basic suitability of black matter as an input material
for the InduRed reactor, thus its melting and reaction behaviour, heating microscope
experiments, thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) were carried out. Since black matter can have different properties and contents
of impurities depending on the pre-treatment procedure, the influence of which on the
properties being investigated is difficult to assess, the investigations are also carried out
with pure cathode materials. The ability of the InduRed reactor concept to eliminate one
of the biggest disadvantages of pyrometallurgical LIB recycling, namely lithium slagging,
is finally evaluated by experiments in a lab-scaled batch reactor, which is based on the
InduRed concept. The results, in particular the required reaction temperatures and the Li
removal rate via the gas phase from the reactor, form the basis on which a decision is made
about the fundamental suitability of the reactor to be part of the LIB recycling chain.

2. Materials and Methods

The cathode materials (LiNi0.8Co0.15Al0.05O2, sample abbreviation: NCA and LiNi0.33
Mn0.33Co0.33O2, sample abbreviation: NMC) which were used for the experiments have
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been produced by Gelon Energy Corporation in Linyi, China, while the black matter (sam-
ple abbreviation: AM) was provided by a LIB recycling facility operated by Redux GmbH
in Bremerhaven, Germany. The chemical composition of said materials is summarized in
Table 1 below.

Table 1. Chemical composition of used materials. (mass fraction, w/%).

Species C Li Ni Co Mn Al P Fe Cu Zn Pb

AM 1 29.5 2.4 20.9 4.2 1.1 5.8 0.4 0.6 5.7 0.8 0.1

NCA 2 - 7.2 48.9 9.2 1.4

NMC 2 - 7.2 20.3 20.4 19.0 -
1 Data from ICP-MS analysis. 2 Calculated from the molar composition of the cathode materials.

In experiments with NCA and NMC, where reducing conditions were desired (sample
abbreviation: NCA_C, NMC_C), fine powdered coke was used as a reducing agent. Since
AM already contains 29.5 w/% carbon there was no need to further add a reducing agent.

In order to investigate the general behavior of the cathode materials at high tempera-
tures and under reducing conditions, the work started with two preliminary experimental
series. First, heating microscope experiments were conducted in a Hesse Instruments EM
201 with an HR18-1750/30 furnace (Hesse Instruments, Osterode am Harz, Germany) to
investigate at which temperatures reactions or transformations in the sample occur. In the
heating microscope experiments, black matter and the cathode materials with and without
carbon addition were tested at least twice to check the reproducibility of the results. In
the reduction experiments, carbon was added in extents of 10 w/% to the NCA and NMC
materials. An argon purge with a flow rate of approximately 2.5 l/min was used to inhibit
oxidization reactions of the materials. The settings for the heating rate (80 ◦C/min until
1350 ◦C, 50 ◦C/min until 1550 ◦C and 10 ◦C/min until 1650 ◦C with a holding time of
5 min at 1650 ◦C), the used Al2O3 sample plates and the sample size of approximately 0.1 g
of powder, pressed in a cylindrical shape, were the same for all experiments.

The second series were simultaneous thermal analyses (STA), more precisely thermo-
gravimetric analysis (TG) and differential scanning calorimetry (DSC), which have been
conducted in a Setaram Setsys Evo 2400 at the Chair of Physical Metallurgy and Metallic
Materials at the Montanuniversitaet Leoben. The aim of the STA was to confirm the temper-
ature zones in which changes of the materials could be observed in the heating microscope
and to further characterize the underlying reaction mechanisms. An argon purge was used
to inhibit oxidization reactions of the materials. For carrying out the analyses, graphite
crucibles and a carbon addition of 25 w/% were used in order to prevent damages to the
analysis hardware. The need for this is due to reactions between standard Al2O3 crucibles
and the produced metal alloy when carbon is added to the mixture. The reactions lead to a
destruction of the Al2O3 crucible and the thermocouple underneath gets destroyed. The
higher amount of carbon in the STA experiments is needed to prevent reactions between
the cathode material and the graphite crucible, which would take part as a reductant.

To simulate the conditions of the InduRed reactor and check its suitability, a third set
of experiments has been performed in the so-called InduMelt plant (sample abbreviation
starts with: IM_). The InduMelt plant is a single coil induction furnace that is modeled on
the InduRed reactor concept and used to perform preliminary experiments. This is due
to the fact that the InduMelt plant is easier to use and requires less effort compared to the
continuous InduRed reactor but still provides the same reaction conditions. The crucible
concept used for these experiments is therefore based on the InduRed reactor and consists
of a bed of packed graphite cubes (25 mm edge length) within an Al2O3 ceramics ring
(70 mm radius, 100 mm height) and is shown in Figure 2a. In Figure 2b, the setup of the
InduMelt plant is presented.
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(a) 
(b) 

Figure 2. (a) Schematic illustration of the crucible concept used in the InduMelt experiments [29] and (b) setup of the
experimental InduMelt plant.

During the preparation of the experiments, the ceramic ring is fixed on a mortar plate
with refractory mortar and alternatingly filled with graphite cubes and input material. In
the conducted experiments, the initial sample mass was 552.3 g for IM_NMC_C, 520.0 g for
IM_NCA_C and 561.9 g for IM_AM. The filled crucible is then insulated, using 20 mm thick
Cerachrome fiber wool with a classification temperature of 1500 ◦C and placed within the
induction coil. The inductive energy input is controlled in such a way that the temperature
increases at a maximum rate of 200 ◦C/h. For the measurement of temperatures of the
reactor, two k-type thermocouples are used inside of the reactor to control temperatures
up to 1200 ◦C. To keep track of the temperature after the k-type couples fail due to the
high temperatures, two separate s-type couples are mounted on the outer wall of the
Al2O3 ceramics ring. The temperature distribution in the reactor is known from previous
experiments with other waste streams and can show a gradient of several 100 ◦C towards
the end of the experiment, with the highest temperatures occurring at the top of the reactor.
The s-type thermocouples are therefore placed at the lower third of the reactor in order
to reach the necessary temperatures in the area in which the material is supposed to
accumulate.

After the experiments, the reactor needs to cool down for at least 24 h before the
sampling can start. Hereby, every graphite cube was picked from the reactor one after
another and checked for any metal or slag depositions, which, if present, were removed
from the cube’s surface and collected. The difficulty to collect every little metal deposition
and its influence on the overall mass balance of each experiment is discussed in the results
section of this work.

However, representative samples were taken from the collected products and the
content of species of interest was examined using inductively coupled plasma mass spec-
trometry (ICP-MS). For all ICP-MS measurements, which were conducted at the Chair of
Waste Processing Technology and Waste Management at the Montanuniversitaet Leoben,
the sample preparation was done by aqua regia digestion according to the ÖNORM EN
13657 standard. The measurement of the respective species was carried out according to
the ÖNORM EN ISO 17294-2 standard.

3. Results

3.1. Heating Microscope

In the heating microscope experiments, the relative cross-sectional area (CSA) of the
sample, thus the trend of cross sectional area of the sample cylinder during heating in
relation to its initial value, was observed to investigate at which temperatures changes in
the material occur. In Figure 3a, where the results of the test series with NMC are shown,
one can see a significant difference between the graphs of NMC_1 and NMC_2 without
carbon addition and, respectively, NMC_C_1 and NMC_C_2 in which carbon was added.
In this case, the first change of the CSA for NMC_C_1 and NMC_C_2 can be observed at
approx. 800 ◦C, which is almost 200 ◦C lower than in the tests without carbon addition.
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Moreover, the extent to which the change occurs is significantly higher in experiments with
carbon addition. The steep decline of NMC_C_1 and NMC_C_2 at approx. 1500 ◦C was
also observed with other cathode materials and can be explained by the melting point of
the contained metals. The difference in the trends of the CSA with and without carbon
addition can be explained by the origin of the changes. Mao et al. [31] and Kwon and
Sohn [32] investigated and described the reaction behaviour of LCO (LiCoO2) with and
without carbon addition. According to their findings and due to the fact, that NCA and
NMC are structurally identical to LCO, we assume that the changes in experiments without
carbon addition are caused by thermal decomposition of the lithium metal oxides, while
in experiments with carbon addition, reduction reactions with Li2O formation led to the
observed changes. About the reproducibility it can be said that in the repeated attempts the
characteristic changes of the CSA appear at the same temperatures to about the same extent.

 

(a) (b) 

Figure 3. (a) Comparison of the cross sectional area of NMC with and without carbon addition in the heating microscope;
(b) Comparison of the cross sectional area of different mixtures of NMC and NCA, each with carbon addition.

The results, mainly temperature zones and the extent of the correspondence of changes
of the CSA, for NCA and NCA_C are very similar to those for NMC and NMC_C. However,
since future waste streams are likely to consist of mixtures of different cathode materials,
another set of experiments was performed in which NCA and NMC in different com-
positions and carbon were mixed to investigate if the materials influence each other. In
Figure 3b, where the changes of the CSA of NCA_C, NMC_C and mixtures with varying
composition are shown, no direct influence can be seen. The following Figure 4a,b show
the NMC_C sample before and after the heating microscope experiment. In Figure 4b a
perfectly molten metal sphere, indicated by the change of the CSA at approx. 1500 ◦C,
and a fine white crystalline structure can be seen. The blue colour of the Al2O3 ceramic is
most likely caused by reactions with cobalt and was also observed in all other experiments,
especially in those with carbon addition.
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(a) 

 

(b) 

Figure 4. (a) NMC_C sample before and (b) after heating to 1600 ◦C in the heating microscope.

In contrast, the black matter material (AM) showed a completely different behavior, as
can be seen in Figure 5a,b in which its CSA does not decrease during heating but increase
to almost 120% of its initial value. The lack of the first change of the AMs CSA as well
as the absence of any sign of melting at temperatures around 1500 ◦C indicates that pre-
treatment might have a big influence on basic thermophysical properties of the produced
black matter.

 

(a) (b) 

Figure 5. (a) Images of the samples AM (i), NMC_C (ii) and NCA_C (iii) at temperatures of 20 ◦C, 1000 ◦C and 1500 ◦C
taken during the heating microscope experiments; (b) Trend of the cross sectional area of the samples AM, NMC_C and
NCA_C during heating in the heating microscope.

Reasons for the deviating behavior of AM compared to NMC_C and NCA_C could lie
in impurities, thus residues from the mechanical processing and separation step during pre-
treatment, like Cu and Al from conductor foils. A closer look at the chemical composition
of AM in Table 1 reveals that the mass content of Cu and Al with almost 6% each is
much higher than anticipated. Moreover, the carbon content is much higher than would
be stoichiometrically necessary for the reduction reactions. An example of a disruptive
reaction could be the formation of aluminum oxide which, in the appropriate amount,
could form a supporting structure and thereby reduce the informative value of the CSA.
On the other hand, it is also possible that the anode graphite has a lower reactivity than the
fine powdered coke which is used in NMC_C and NCA_C.

The origin of AM, a pre-treatment process that uses thermal deactivation before
mechanical shredding, could also cause the observed differences, since some of the reac-
tions might already have taken place if certain temperatures are overcome during this
step. By this, the layered structure of the lithium metal oxides could probably have been
changed, e.g., due to thermal decomposition which, as can be seen in Figure 3, occurs at
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approx. 1000 ◦C and could change the materials properties permanently. However, reliable
information about these thermal processes is difficult to access. In our opinion, however, it
is quite possible that at certain points in such a process, temperatures above 1000 ◦C can
occur and that therefore the possibility of influencing the material must not be excluded.

3.2. Simultaneous Thermal Analysis

The experiments in the heating microscope gave some first impressions on how NMC,
NCA and AM behave at high temperatures and under reducing conditions. For further
characterization of the underlaying reactions that cause respective changes in the materials
and to create a basis for a kinetics model in the long term, thermogravimetric analysis and
differential scanning calorimetry was conducted. The results of the STA are summarized in
Figure 6a, showing the trends of the relative mass of the samples, and Figure 6b, which
shows the corresponding trends of the heat flow. The evaluation of the measurements,
which also includes a correction of the data by reference measurements, was carried out in
MATLAB.

 

(a) (b) 

Figure 6. Results of the simultaneous thermal analyses of NMC_C and NCA_C with a heating rate of 40 K/min. (a) Trend of
the relative mass of NMC_C and NCA_C during heating. (b) Trend of the heat flow of NMC_C and NCA_C during heating.

In Figure 6a the beginning of the mass loss at approximately 800 ◦C matches the
observations from the heating microscope experiments. The first mass loss first declines
slowly before it becomes steeper around 1000 ◦C and stops at approximately 70 % of the
initial mass which was 40.1 mg for NCA_C and 39.8 mg for NMC_C. At the end of the
thermogravimetric curve, the relative mass is about 55% of the initial mass. This means,
that additionally to carbon, which had an initial mass content of 25 w/%, also components
of the lithium metal oxide, most likely O2 and Li, had been removed from the sample.
Another indication for the presence of reduction reactions between 800 ◦C and 1000 ◦C
is the trend of the heat flow, shown in Figure 6b. In both samples, the heat flow between
800 ◦C and approximately 1050 ◦C is endothermic with a negative peak around 1000 ◦C
where also the biggest slope of the sample mass occurs. The outstanding exothermic peak
in the NCA_C at 700 ◦C heat flow trend could be the result from Al2O3 formation whereby
a significant amount of heat could be released. In order to confirm this, the samples must
be heated in a controlled manner to or just above this temperature and analysed using XRD
analysis, which is planned within the further scope of the research project.

As in the heating microscope experiments, the behaviour of the sample AM differs
greatly from that of NCA_C and NMC_C. The overall mass loss only accumulates to
around 10% and there are no sharp peaks in the heat flow trend. The lower mass loss is
on the one hand due to the comparatively lower lithium metal oxide content (<60 w/%)
compared to NCA_C and NMC_C (75 w/%) and the resulting decreased ability for CO or
CO2 generation. Since the heating rate was the same in all experiments, the less steep mass
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loss between 800 ◦C and 1000 ◦C and the absence of significant peaks in the heat flow trend
indicate a lower reactivity of AM in general. The suspicion from the heating microscope
experiments that certain reactions already took place during the thermal deactivation step
has gotten stronger.

Finally, the results from the heating microscope experiments and the STA are summa-
rized in Figure 7.

Figure 7. Trends of the cross-sectional area and the relative mass of NMC_C and NCA_C during
heating in the heating microscope experiments and the simultaneous thermal analysis.

3.3. InduMelt Experimients

The last experimental series was conducted in the presented InduMelt reactor (Figure 2)
to investigate the achievable transfer coefficients for Li, Ni, Co and Mn under the particular
conditions of the reactor. The trend of the measured temperatures in- and outside of
the reactor during one of the experiments is presented in Figure 8a. As explained in the
materials and methods section, the slope of the outer s-type couples is used to control the
temperature inside of the reactor after the operating temperature of the k-type couples
is exceeded.

 

(a) 

 

(b) 

Figure 8. (a) Trend of reactor temperatures during IM_NMC_C. (b) Picture showing the crucible and the packed bed of
graphite cubes with metal depositions after IM_NMC_C.

In Table 2 the compositions of the input mixtures for the InduMelt experiments are
shown. For NMC_C and NCA_C the composition matches the stochiometric proportion
of the used cathode materials (NCA, LiNi0.8Co0.15Al0.05O2; NMC, LiNi0.33Mn0.33Co0.33O2)
with carbon addition of 10 w/%. If the whole added carbon is used and all oxides are
removed the mass loss should accumulate to 40–46% of the input mass depending on
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the amount of Li that can be removed. For AM, which is a mixture of different cathode
materials from LIBs and considering its composition most likely also other battery types,
the volatile components also accumulate to around 42 w/%.

Table 2. Chemical composition of the input mixtures for the InduMelt experiments. (w/%).

Sample/Element Li Ni Mn Co Al O2 C Sum

AM 2.42 20.90 1.08 4.19 5.83 11.16 2 29.50 75.08 1

NCA_C 6.50 43.98 0.00 8.28 1.26 29.97 10.00 100.00
NMC_C 6.48 18.25 17.09 18.33 0.00 29.85 10.00 100.00

1 Cu and other impurities are not specified here since they are not in focus of the experimental series. 2 Calculated
on basis of the stochiometric Li-O2 ratio.

Because the aim of the experimental series is to investigate possible recovery and
removal rates for certain metals contained in the cathode materials, Cu and other impurities
of the sample AM are not further analyzed.

For the first InduMelt experiments with LIB cathode materials and black matter a
maximum temperature of approx. 1550 ◦C was chosen. At this temperature, no further
changes of the CSA or mass during the STA and heating microscope were observed and
the expected metal alloy’s melting point is also some ten degrees lower. This temperature
was then held for approx. one hour before the heat input was stopped.

In Figure 8b the reactor after the experiment is shown. All graphite cubes were
removed and cleaned from metal and slag deposits which were subsequently weighed.
The individual mass of input material and product phases for each experiment can be seen
from Table 3.

Table 3. Masses of the input sample and the obtained products in InduMelt experiments. (g).

Experiment/Product Input Metal phase Slag Phase Powder Product Sum

IM_NMC_C 552.3 244.2 37.7 11.6 293.5
IM_NCA_C 520.0 267.3 21.6 15.6 304.5

IM_AM 1 561.9 - - 396.1 396.1
1 Neither metal accumulations nor slag depositions could be found.

The obtained product phases are subdivided into metal phase, slag phase and powder.
On the first look at Table 3, one can see that the product distribution differs greatly between
the experiments IM_NMC_C, IM_NCA_C and the experiment IM_AM. Therefore, the
results are presented and discussed separately.

For IM_NCA_C and IM_NMC_C the metal and slag phase accumulates at the bottom
of the reactor or can be found as depositions on the graphite cubes and the crucible. To
achieve the best mass balance possible, the depositions have been rubbed of the graphite
cubes and the metal particles were magnetically separated. By this, 244.2 g respectively
267.3 g of a metal product, which—if we assume that the metal phase only consists of
Ni, Co and Mn—accounts for 81% and, respectively, 91% of the said metals in the input
material of IM_NMC_C and IM_NCA_C. According to the oxygen potentials of the metals,
the slag phase should mainly consist of Li2O and Al2O3. With 37.7 g and 21.6 g of obtained
slag for IM_NMC_C and IM_NCA_C compared to an input of approximately 36 g of pure
Li alone one can say that this result looks promising, since the amount of oxygen—and
of course Al—must also be taken into account. Furthermore, the refractory mortar and
the crucible material also consist of Al2O3 and can take part in the reactions causing slag
formation. Because this discussion is more complex than for the metal phase it will be
continued later together with the chemical analyses of the phases. The powder phase of
IM_NMC_C and IM_NCA_C is caused by abrasion during the removal of the small metal
particles from the graphite cubes and therefore mainly consists of carbon. Summarized,
the overall weight loss of IM_NMC_C and IM_NCA_C is 46.8% and, respectively, 41.4%
of the input mass. If we assume that Li, O and C are the only volatile components in the
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input material a maximum weight loss of 47.2% for IM_NMC_C and 50.2% for IM_NCA_C
is achievable. For IM_NMC_C, the obtained slag phase is shown in Figure 9a, the metal
accumulation in Figure 9b.

 

(a) (b) 

Figure 9. Obtained slag (a) and metal sample (b) from the experiment IM_NMC_C.

As can be seen, the separation of the metal and slag phase in IM_NMC_C for further
chemical analysis was relatively easy since large specimens without fusions could be
found. In contrast, the obtained products from IM_NCA_C were harder to separate as
Figure 10a–d shows. Therefore, the ICP-MS analysis was performed for both, samples with
and without inclusions, and the results weighted during data evaluation.

 

(a) (b) 

 

(c) 

 

(d) 

Figure 10. Obtained metal and slag samples from the IM_NCA_C experiment. (a) Metal sample 1
which is strongly fused with the produced slag. (b) Metal sample 2 with very little slag inclusions. (c)
Slag sample 1 with metal depositions. (d) Slag sample 2 without inclusions or depositions.

To intensify this discussion, we need to look at the results of the chemical analy-
sis, which were achieved by ICP-MS analysis. The discussion starts with the obtained
metal phase from the experiments IM_NMC_C and IM_NCA_C for which the results are
contained in Table 4.
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Table 4. Mass fractions of certain metals in the obtained metal phases. (w/%).

Experiment/Species Li Ni Co Mn Al

IM_NMC_C 0.09 38.40 36.10 28.10 0.01
IM_NCA_C_1 2 1.31 74.70 7.80 1 3.70
IM_NCA_C_2 3 0.05 92.20 9.89 1 1

1 Species was not analyzed in this experiment. 2 Small inclusions of slag in the metal matrix need to be considered.
3 Slightly over-determined due to weighted consideration of residuals from the aqua regia digestion.

For IM_NMC_C the metal composition mostly matches the expected result. There
is almost no Li and Al present in the metal alloy but Ni, Co and Mn. What is noticeable,
however, is the significantly lower Mn content compared to Ni and Co. With an equal stoi-
chiometric proportion and similar molecular weight—Mn is a little lighter—the difference
should not be that high, which indicates that Mn also accumulates somewhere else than in
the metal alloy.

As already explained, the sampling of NCA_C was not trivial due to small slag inclu-
sions within the metal particles. In order to increase the informative value, metal samples
with (IM_NCA_C_1) and without (IM_NCA_C_2) small slag particles were analyzed. By
this it can be stated that also for IM_NCA_C there was hardly an accumulation of Li and
Al in the metal alloy that mainly consists of Ni and Co.

A complete mass balance is hardly feasible due to the difficult collection of the small
metal particles. In future experiments and respective analyses, ICP-OES as well as XRD
analysis methods will be used to balance all the elements included in greater detail. Never-
theless, compared to the initial amount in the input material it was possible to find around
90% of Ni and Co and 76% of Mn in the metal phase of IM_NMC_C as well as more than
90% of Ni and Co in the metal phase of IM_NCA_C.

In order to investigate the whereabouts of Mn, to clarify whether Ni and Co can also
be found in the slag and to finally check the question of whether Li removal from the
reactor could be achieved or not we now look at the slag analysis shown in Table 5.

Table 5. Mass fractions of certain metals in the obtained slag phase. (w/%).

Experiment/Species Li Ni Co Mn Al

IM_NMC_C 8.22 0.13 3.06 0.15 6.08
IM_NCA_C_1 9.85 1.31 1 1 7.45
IM_NCA_C_2 4.52 0.24 0.03 1 2.48

Species was not analyzed in this experiment.

Beginning with IM_NMC_C it can be said that Ni does hardly accumulate in the slag
while a significantly higher but still low amount of Co could be found. For Mn, from which
only 76% of its initial input were found in the metal phase, can also not be found in the
slag phase. Since Mn is very reactive and has several oxidation states it is likely that parts
of it were removed from the reactor via the gas phase. For IM_NMC_C, analogous to the
metal phase results, there are again two samples, IM_NCA_1 with metal particles and
IM_NCA_2 without metal particles. The data shows that only a small amount of Ni and
Co is found in the slag while Li and Al accumulate to higher extents.

If we now compare the amount of Li that was initially inserted in the experiments,
which was approx. 36 g for IM_NCA_C and IM_NMC_C with the amount of Li that was
found in the metal and slag phase, a lithium removal of 96.72 w/% for IM_NCA_C and
90.76 w/% for IM_NMC_C was achieved.

Before these results are finally summarized, we have to take a look at IM_AM, which,
as mentioned at the beginning, behaved differently than IM_NCA_C and IM_NMC_C. As
can be seen in Table 3, neither a metal nor a slag accumulation was found but only a fine
powder that was optically identical to the input material. The weight loss of 29,5% matches
the initial carbon content exactly, which at first sight suggests that only the included carbon
was burned in the reactor. However, analysis of the carbon content of the resulting powder
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revealed a mass content of still 22.6%, which indicates that also in IM_AM reduction
reactions occurred. In the thermogravimetric analyses only a decrease in mass of 10% was
achieved. This could be an indication that certain reactions proceed more slowly in AM
and that longer holding times in the preliminary experiments would have provided better
results, which is going to be investigated in the further course of the project. Furthermore,
an increase of the average particle size was found that indicates at least an agglomeration
of particles even if there was no molten phase. Because there was no slag or metal phase in
IM_AM, the results are discussed by a comparison of the chemical composition before and
after the InduMelt experiment, which is shown in Table 6.

Table 6. Chemical composition of AM before and after the InduMelt experiment. (w/%).

Experiment/Species Li Ni Co Mn Al

AM before IM 1 2.42 20.90 4.19 1.08 5.83
AM after IM 2 0.77 35.00 7.00 1.76 4.12

1 Total mass of input material: 561.9 g. 2 Total mass of product: 396.1 g.

The mass content of Ni, Co and Mn has risen by about 65% each which can only
be caused by the mass loss of the sample. A statement about a possible discharge of
Mn via the gas phase, as it was observed in IM_NMC_C, should not be made due to
the already low concentration in IM_AM. Lithium had an input mass of 13.59 g and was
reduced to 3.04 g in the product powder, which corresponds to a decrease of 77.6 w/%.
This value is significantly lower than with pure cathode materials but in the light of the
different behavior of AM compared to NCA_C and NMC_C in all experimental series still
a promising result.

To finally summarize the InduMelt experiments, one must notice that the difficulties
to achieve a complete mass balance and the absence of an off-gas analysis lead to the fact
that the absolute numbers should only be considered to a limited extent. However, it is
not the claim of this work to precisely define transfer coefficients for all species in cathode
materials respectively black matter, but to evaluate the magnitude of possible recovery
rates for the valuable metals Ni, Co, Mn and Li by using the InduRed reactor technology.
In view of this, these tendencies are summarized in Figure 11.

 

Figure 11. Qualitative consideration of the accumulation of Ni, Co, Mn and Li in the product phases
obtained from the InduMelt experiments.

4. Conclusions

The literature research clearly shows that the possibility of simultaneous lithium
recovery with a pyrometallurgical process would close a large gap in the recycling chain.
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To evaluate if the presented InduRed technology can potentially provide a solution to this
problem, a series of experiments have been conducted. By heating microscope experiments
and simultaneous thermal analysis, the behavior of NCA and NMC cathode materials
as well as black matter (AM) at high temperatures and under reducing conditions was
investigated. The results showed that the significant reduction reaction between the lithium
metal oxides and carbon take place between 800 ◦C and 1000 ◦C and that the produced
metal alloy melts at approximately 1500 ◦C, which are technically feasible temperatures for
the desired process.

Experiments, conducted in the InduMelt plant, a lab scale reactor modeled on the
InduRed concept, were used to evaluate the transfer coefficients of Ni, Co, Mn and Li
in qualitative terms. It was shown that Ni and Co seem to be fully recoverable by this
technology while parts of manganese are removed from the reactor via the gas phase. For
Li, which is considered to be the bottleneck of pyrometallurgical LIB recycling approaches,
very promising results have been seen. In the InduMelt experiments with NCA and NMC
more than 90%, respectively more than 75% in the experiment with black matter, of the
initial Li were removed from the reactor. The fact that Li does neither accumulate in the
slag nor in the metal phase indicates a high potential of the technology to enable new
possibilities for Li recovery from the LIB waste stream. If Li is not obtained in small
amounts in a slag phase, as in other processes, but can be collected in a separate material
flow, its recovery from there can potentially be achieved with less effort and therefore
represented more economically.

In order to better examine the removal of Li and Mn from the reactor, the experiments
are going to be repeated using a gas vent with gas scrubbing. This should clarify in which
form the Li can be obtained from the exhaust gas and how its recovery from there could be
achieved. Furthermore, new cathode materials like NMC in other configurations (811, 622,
532 instead of 111) as well as LFP (lithium iron phosphate) are planned to be investigated
regarding their suitability for treatment in the InduRed reactor.

The results from experiments with black matter (AM) showed some significant differ-
ences, which could partly be attributed to residues from the pre-treatment or excessively
high temperatures during the thermal deactivation. Since the contrary behavior of AM in
all experimental series cannot be fully elucidated with the available data, further research
and experiments are necessary. In addition to that, it is planned to investigate black matter
from different pre-treatment processes and the influence of interfering species like Cu or
Al in general.
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Abstract: The high moisture content present in sewage sludge hinders the use of sewage sludge
in incineration or energy application. This limitation of moisture present in sewage sludge can be
obviated by using the hydrothermal carbonization (HTC) process. In sewage sludge management,
the HTC process requires less energy compared to other conventional thermo–chemical management
processes. The HTC process produces energy-rich hydrochar products and simultaneously enables
phosphorus recovery. This study investigates the influence of organic acids, inorganic acid, and
alkali as additives on phosphorus transformation, yield, proximate analysis and the heating value
of subsequently produced hydrochar. The analysis includes various process temperatures (200 ◦C,
220 ◦C, and 240 ◦C) in the presence of deionized water, acids (0.1 M and 0.25 M; H2SO4, HCOOH,
CH3COOH), and alkali (0.1 M and 0.25 M; NaOH) solutions as feed water. The results show that
phosphorus leaching into the process-water, hydrochar yield, proximate analysis, and the heating
value of produced hydrochar is pH- and temperature-dependent, and particularly significant in
the presence of H2SO4. In contrast, utilization of H2SO4 and NaOH as an additive has a negative
influence on the heating value of produced hydrochar.

Keywords: hydrothermal carbonization; sewage sludge; phosphorus recovery; hydrochar; process-
water; pH

1. Introduction

The management of sewage sludge produced from wastewater treatment plants is an
important global issue due to the presence of high moisture content, harmful pathogens,
and poor dewaterability. Conventional sewage sludge management involves the direct ap-
plication on farmland as fertilizer. However, sewage sludge has attracted greater attention
as a feedstock for nutrient recovery and renewable biofuels production [1,2]. In the year
2018, about 23% of sewage sludge produced in Germany was managed by applying directly
on farmland, and about 65% of the produced sewage sludge was incinerated [3]. Since 2017,
new regulation was placed by the German sewage sludge ordinance (AbfKlärV) based
on enabling principles of the Circular Economy Act [4] on sewage sludge management.
This new regulation is not only making it mandatory to recover phosphorus from sewage
sludge in Germany but also prohibits the direct use of sewage sludge on farmland [5].
According to AbfKlärV, sewage sludge must undergo mandatory phosphorus recovery
if the phosphorus content is ≥20 g/kg total dry matter (DM) or ≥2% DM. The thermal
pretreatment of sewage sludge is still possible; however, the subsequent recovery of phos-
phorus in the produced incinerated ash or the carbonaceous residue has to be guaranteed.
This new obligation applies from January 2029 for the wastewater treatment plants with
size >100,000 populations equivalent (PE). The treatment facilities with >50,000 PE must
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also comply with the new regulation to recover phosphorus from January 2032. After
these dates, soil-related disposal of sewage sludge is no longer permitted. Only the smaller
wastewater treatment plants (≤50,000 PE) can use their sewage sludge as a soil amender
when the phosphorus content in sludge is <20 g/kg total DM.

The option for managing sewage sludge is getting progressively limited as the result
of strict environmental legislation placed by Germany over the last decade. The actual
problem exists in states of Germany such as Mecklenburg–Western Pomerania, Lower
Saxony, and Rhineland–Palatinate where >50% of the produced sewage sludge is managed
by direct application for agriculture and landscaping [3]. In this concern, the current
number of thermal treatment facilities might not be able to handle the amount of sludge
produced, eventually triggering the new problem associated with the storage of untreated
sewage sludge.

Incineration is a widely accepted technique to treat sewage sludge in Germany and can
significantly reduce the sludge volume and produce reactively hygiene sludge ash residue
with high phosphate content [6]. Yang et al. (2019) studied the effect of chlorine-based
additives on phosphorus recovery during sewage sludge incineration. The addition of
Magnesium chloride (MgCl2) and Calcium chloride (CaCl2) during incineration increases
the fixation rate of total phosphorus (TP) to a maximum of 98.5% in sewage sludge treated
with 3% (Magnesium) Mg at 900 ◦C and 97.8% in sewage sludge treated with 5% Calcium
(Ca) at 800 ◦C. Similar to incineration, pyrolysis can also be an effective alternative process
to treat and recover phosphorus from sewage sludge. The study by Atienza–Martínez
et al. (2014) indicated phosphorus recovered from pyrolysis is temperature-dependent
and that more than 90% of phosphorus can be recovered using pyrolysis followed by char
combustion in sulfuric acid.

In recent years, hydrothermal carbonization has gained greater attention for treating
sewage sludge as it is greatly regarded as an eco-friendly and promising technology.
Hydrothermal carbonization is a technology that demonstrates the high potential to treat
the moist/wet biomass without it having to be dewatered. HTC uses moisture present in
sludge as the reaction medium to process the sewage sludge without pre-drying. During
HTC, higher temperature and pressure will aid the moisture present in sewage sludge
to serve as a solvent, reactant, and catalyst for converting sewage sludge into hydrochar.
The product hydrochar is hygienic, essentially free of pharmaceuticals, easily dewaterable,
and likely to be a coal-like product with high energy density [7,8]. Additionally, the HTC
process is proved to save up to 53% thermal energy and 69% electrical energy compared
to conventional sludge drying methods [9]. Currently, there are several studies on HTC
of sewage sludge, particularly in producing hydrochars and subsequent utilization of
hydrochar as effective adsorbents [8,10], soil amendment [11], or as feedstock for energy
production [1,12]. Further, there are few studies that explain the effects of additives during
HTC of lignocellulosic biomass [13–15]. The investigation carried out by Lynam et al. (2012)
identifies the benefit of the increased heating value of resulting hydrochar produced using
Ca salts (Ca chloride and Ca lactate) as additives during HTC of lignocellulosic biomass.

Previous studies on understanding the effect of feed-water pH during HTC of sewage
sludge have mainly focused on investigating phosphorus transformation [6,16,17], risk of
heavy metals in hydrochar [18], physicochemical properties of hydrochar [19]. Shi et al. [17]
studied the effect of initial pH and HTC reaction temperature on the mobilization of
phosphorus. They found that at higher temperatures phosphorus is more likely to be
more present in the hydrochar; however, using acid additives in large amounts could shift
phosphorus into the liquid phase. Further, the phosphate leached into the process-water
can be chemically precipitated by the addition of a coagulant and a mixing of process-water
and coagulant. The multivalent metal ions most commonly used are calcium, aluminium,
and iron [20,21]. To the authors’ knowledge, very few investigations compare the influence
of organic acids, inorganic acids, and alkali additives on the HTC of sewage sludge. Wang
et al. (2017) investigated the influence of feed water pH (altered by the addition of acetic
acid or sodium hydroxide) on phosphorus transformation during HTC of sewage sludge.
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The results showed that during the HTC of sewage sludge, metal cations and pH played
vital roles in the transformation of phosphorus. The observation made by Ekpo et al. (2016)
shows that 94% of the phosphorus in feedstock was recovered into the process-water after
hydrothermal treatment of pig manure with a sulfuric acid additive at 170 ◦C. Reza et al.
(2015) [15] studied the influence of using acid and alkali additives on the HTC of wheat
straw. However, the behavior of phosphorus transformation greatly differs from the types
of biomass, and HTC process conditions and techniques.

The main purpose of this study is to investigate and compare the influence of organic
acids (acetic acid and formic acid), inorganic acids (sulfuric acid), and alkali (sodium
hydroxide) as additives on the hydrothermal treatment of sewage sludge. Despite the
primary objective of this study being to understand the influence of different additives on
the P transformation during HTC of sewage sludge, this study also shed light on the effect
of additives on dewaterability, yield, and heating value of hydrochar.

2. Material and Methods

2.1. Material

The sewage sludge used in this study was obtained directly from the wastewater
treatment plant, Rostock, Germany. The central wastewater treatment plant in Rostock
treats both industrial (1/3) and municipal wastewater (2/3) with the capacity to treat
wastewater from 320,000 inhabitants [22]. The freshly digested and dewatered sludge was
collected in an airtight specimen container and transported immediately to the laboratory.
The sewage sludge, after being received in the laboratory, is refrigerated at 4 ◦C before
use. The refrigerated representative samples were directly taken for HTC investigation
and respective additives of deionized water, organic acid, inorganic acids, and alkali with
known concentration were added and mixed to make a homogeneous slurry. The respective
additive solution of 0.1 and 0.25 M concentration was prepared by diluting acetic acid
(100%, p.a.), formic acid (≥98.0%, p.a.), sulfuric acid (1 M), and sodium hydroxide (≥97.0%
(T), pellets) in the deionized water. The produced additive solution was used on the same
day of preparation. The ultimate analysis of the sewage sludge was performed using an
organic elemental analyzer by following EN ISO 16948, 2015. Proximate analysis was
performed using a LECO Thermogravimetric Analyser (TGA) unit TGA701 to determine
moisture content, volatile organic compound, fixed carbon and ash content. The heating
value of the sewage sludge and resulting char was determined by Parr 6400 calorimeter
(Parr Instruments Inc., Moline, IL, USA) following the method described in EN 14918, 2010.
Total phosphate in the obtained sewage sludge was analyzed in an external laboratory
following the method described in EN ISO 11885, 2009. All measurements were made in
duplicate, and the mean value is reported.

2.2. Hydrothermal Carbonisation Treatment

Hydrothermal carbonization of sewage sludge was carried out in a Parr 4523 reactor
(Parr Instrument (Deutschland) GmbH, Zeilweg 15, Frankfurt, Germany) at an autogenic
pressure. The processing unit 4523 consists of a reaction vessel of 1-L capacity that can
withstand a maximum pressure of 138 bar, a heating jacket equipped with a 2 kW heating
coil, a temperature and a pressure sensor, and a stirrer with an attached motor. The reactor
temperature and the speed of the stirrer were controlled using a Parr 4848 PID reactor
controller. Figure 1 provides an overview of the experimental methodology. The analysis
was carried out by charging the reactor with 297.00 g raw sewage sludge (23.5% DM) and it
was topped up with 402.00 g of deionized water or additive solution of acetic acid, formic
acid, sulfuric acid, or sodium hydroxide in 0.1 M or 0.25 M concentration. The sewage
sludge and additives were mixed homogeneously inside the reactor before starting the
investigation, and the initial pH of mixed feedstock slurry was noted using WTW pH 3310
m. The defined ratio of sewage sludge to additives was used to produce a homogeneous
slurry of 10% DM. The mixture was hydrothermally carbonized at autogenic pressure with
a constant heating rate of 4 K/min. The investigation was carried out with the varying
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temperature of 200 ◦C, 220 ◦C, and 240 ◦C for a retention time of 2 h while keeping the
stirrer switched on during the entire process. Later, the reactor was allowed to cool down
to room temperature without any additional cooling mechanism.

 
Figure 1. Schematic representation of experimental methodology.

2.3. Product Recovery and Analysis

The final pH of the HTC-slurry obtained after HTC of sewage sludge was noted, and
the resulting hydrochar and process-water were separated by using a vacuum filtration
apparatus. Vacuum filtration was carried out at the constant process conditions using a
top-feeding procedure in a Büchner funnel. The following rules were kept constant for
solid-liquid separation of the HTC-slurry and analyzing the dry matter concentration of
hydrochar: (1) entire content HTC-slurry after carbonization was poured into the Büchner
funnel, (2) the vacuum pump was switched on to generate the vacuum pressure for solid–
liquid separation, (3) the solids (hydrochar) thus obtained using vacuum filtration were
oven-dried at 105 ◦C for 24 h and stored in sealed containers for further analysis or usage.
Similarly, process-water produced after filtration was collected and stored in a volumetric
flask and refrigerated at 4 ◦C until it was analyzed for total phosphorus (TP) concentration
and conductivity.

The yield of the produced hydrochar is calculated as explained in Equation (3). The
lower heating value (LHV) of the hydrochar was determined in a similar way to sewage
sludge using a Parr 6400 calorimeter following the method described in EN 15170, 2010.
TP in the process-water was analyzed spectrophotometrically after acid hydrolysis and
oxidation following EN ISO 6878, 2004. The conductivity of the process-water was mea-
sured using a Hach HQ 40 d multifunction meter. By determining the conductivity, it
was possible to understand the variations of salt content in the process-water produced
at different process parameters. Triplicates of all analyzed results were obtained and the
mean value was reported.

2.4. The Fraction Phosphorus Recovered on Hydrochar

The TP recovered on the hydrochar was mathematically calculated using the experi-
mental data obtained on TP concentration in sewage sludge and process-water, and the
total yield of the hydrochar after HTC. TP recovered from the hydrochar (TP(h)) can be
mathematically defined as follows:

TP(h) = 100 −
(

Y(pw) × TP(pw)

TP( f s)
× 100

)
(1)
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where TP(pw) and TP( f s) is the TP content in process-water and the initial feedstock slurry,
respectively, and Y(pw) is the total yield of the process-water after filtration, which is
calculated as shown in Equation (2):

Y(pw) = m −
(

mo × Y(h)

DM(h)

)
(2)

where m is the total weight of the feedstock, mo is the dry weight of the feedstock, DM(h) is
the dry matter percentage of hydrochar after filtration, and Y(h) is the yield (%) of produced
hydrochar and was calculated as the applied formula.

Y(h)(%) =
mh
mo

× 100 (3)

where mh is the total dry weight of produced hydrochar.

3. Results and Discussion

3.1. Characteristic of Sewage Sludge

The results of the proximate and ultimate analysis of sewage sludge are presented
in Table 1. The moisture content of sewage sludge was determined to be 76.53%, leaving
behind the total solids content of 23.48%. The analysis also demonstrates noticeably lower
ash content of 32.83% DM and higher volatile solids (VS) of 61.46% DM, which was
inconsistent with the previous investigation ranges [6,23]. The ultimate analysis of the
sewage sludge specified the typical C-H-N-S-O content for sewage sludge in Germany [24]
with C: 32.5; H: 5.0; N: 4.98; S: 1.50; and O: 21.4 on a dry basis. The dry sewage sludge is
known to contain a higher concentration of phosphorus and a relatively higher heating
value. The TP content in the feedstock was determined to be 36.1 g/kg, accounting for 3.6%
of total dry sludge, and the heating value was observed to be relatively higher with 13.56
MJ/kg (LHV) in comparison with previous studies [6,23,24]. One possible explanation
for increased LHV can be the presence of higher volatile solids and lower ash content.
Nevertheless, the overall characteristics of the feedstock have the typical composition of
sewage sludge in Germany.

Table 1. Proximate and ultimate analysis of sewage sludge.

Parameters Units Value

Moisture content %OS 76.53
Total solids %OS 23.48

Volatile solids %DM 61.46
Ash (850 ◦C) %DM 32.83

Fixed carbon (FC) %DM 5.71
LHV MJ/kg, DM basis 13.56
HHV MJ/kg, DM basis 14.66

Nitrogen %DM 4.98
Carbon %DM 32.5
Sulphur %DM 1.50
Oxygen %DM 21.4

Hydrogen %DM 5.00
Total phosphorus mg/kg DM 36,100.00

OS = Original Sample, DM = Dry Matter.

3.2. Effect of Additives and Reaction Temperature on Yield of Hydrochar

Figure 2 compares the total yield (%) of hydrochar produced at different temperatures
using various additives. An increase in the process temperature from 200 ◦C to 240 ◦C has
decreased the hydrochar yield on average by about 10%, which agrees with the earlier in-
vestigation results demonstrating a decrease in hydrochar yield with an increase in reaction
temperature [25,26]. The maximum hydrochar yield was observed with the carbonization
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method using inorganic acid as additives in comparison with the carbonization method
using organic acid, alkali, and deionized water as additives. The maximum hydrochar yield
of 69.09% was achieved using a 0.25 M H2SO4 additive in feedstock (pH 3.78), with the
carbonization temperature of 200 ◦C and 2 h retention time. In contrast, the same reaction
temperature and retention time, using 0.25 M CH3COOH (pH 5.44), HCOOH (pH 5.38),
NaOH (pH 10.68) and deionized water (pH 7.8) additives has resulted in the hydrochar
yield of 62.74%, 63.79%, 55.47%, and 59.66%, respectively. Nevertheless, it is interesting to
see that at the lower additive concentration (0.1 M), despite having comparatively similar
initial pH range (5.8–6.3) of sewage sludge slurry prepared using CH3COOH (pH 6.3),
HCOOH (pH 6.2), and H2SO4 (pH 5.8), hydrochar yield was significantly higher with
using H2SO4 as an additive in comparison with other organic acids.

  

Figure 2. Influence of additives and temperature on yield of hydrochar; (a) represents the hydrochar yield produced using
additives of 0.1 M concentration; (b) represents the hydrochar yield produced using additives of 0.25 M concentration.

The increases in reaction temperature will directly influence eliminating the moisture
content in the biomass structure as the effect of hydrolysis reaction and simultaneously
foster biomass degradation; this, in turn, decreases hydrochar yield [26,27]. Further, the
investigation conducted by Jaruwat et al. (2018) has shown that a longer retention time
will increase the yield of the hydrochar as the result of repolymerisation of decomposed
biopolymers.

Similar to reaction temperature and retention time, the addition of additives also
influences the yield of the hydrochar. Temperature undoubtedly has a greater influence
on the mass yield of hydrochar. Nevertheless, similar to temperature, despite having
similar pH, retention time, and reaction temperature, using inorganic acid has increased
the hydrochar yield in comparison to using organic acids or alkali as additives. An increase
in the hydrochar yield can be co-related with the higher molecular mass of H2SO4 and
changing pH due to strong acid additive utilization in comparison with the utilization of
CH3COOH, HCOOH, NaOH, and deionized water as an additive.

3.3. Effect of Additives and HTC Process Conditions on Solid–Liquid Separation

The dry matter concentration of the various hydrochar residue after filtering the
process-water using a vacuum filter at the constant process conditions (top-feeding proce-
dure with a Büchner funnel) is depicted in Figure 3. The HTC treatment was advantageous
to sludge dewatering. The dry matter concentration of hydrochar residue after solid–liquid
separation increased significantly after the HTC reaction and the use of H2SO4 as an
additive, significantly favored dewatering. When 0.25 M H2SO4 solution was used as
an additive, the dry matter of hydrochar residue was 27.68–31.75%, which was signifi-
cantly higher in comparison with using deionized water as an additive (20.70–24.83%).
The influence of H2SO4 in enhancing the dewaterability of sewage sludge has also been
explained previously [3]. The use of organic acids as an additive did not show any greater
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difference in the dry matter of hydrochar residue (20.68–26.38%) in comparison with using
deionized water as an additive. In contrast, the use of NaOH as an additive had consid-
erably decreased the dry matter of hydrochar residue (1.28–16.51%) at the lower reaction
temperature (200 ◦C); however, at the higher reaction temperatures (220 ◦C and 220 ◦C),
dry matter of hydrochar residue was higher (27.27–28.82%).

 

Figure 3. Dry matter concentration of hydrochar residue after filtering the process-water.

The extracellular polymeric materials in the sewage sludge contain viscous protein
material that is extremely hydrophilic [28]. The effective way to enhance the sludge
dewatering performance is by breaking the cell wall and destroying the sludge flocs to
release and hydrolyze the organic matter present in sewage sludge. This phenomenon can
be effectively achieved alongside the higher temperature and pressure that occur in the
HTC process. The reduction in the binding force of the sludge particles achieved during
the HTC process improves the dewatering performance after HTC and is significantly
enhanced using H2SO4 in the reaction medium. In contrast, the use of NaOH additive at
lower reaction temperature (200 ◦C) was not effective in hydrolyzing the organic matter.
This could have influence in retaining of the viscous protein material in sewage sludge,
making the HTC-slurry hard to dewater. Nevertheless, using NaOH additive at higher
reaction temperatures (220 ◦C and 240 ◦C) was effective in hydrolyzing the organic matter
present in sewage sludge.

3.4. Effect of Additives on Hydrochar Properties: Proximate Analysis and Heating Value

Following HTC, sewage sludge was carbonized into a brownish-grey solid hydrochar
with a nutlike smell. The physical appearance of produced hydrochar implied that hy-
drochar had a uniform composition and could be readily molded into dense pellets. The
proximate analysis and LHV were determined to understand the fuel characteristics of the
produced hydrochar. Table 2 represents the results comprising volatile matter, ash content,
fixed carbon, and LHV of various hydrochar produced at different process conditions. The
hydrochar produced using various additives in this investigation had LHV in the range
of 14.24–15.63 MJ/kg, which is similar to the results of earlier studies demonstrating fuel
characteristics of hydrochar produced using sewage sludge [1].

The breaking down of biomass at higher temperatures to influence aromatization,
polymerization, and condensation to produce hydrochar can be a reason for the increase
in fixed carbon content (FC) with increasing reaction temperature [29]. Fixed carbon can
be defined as combustible residue present in the char after the volatile matter burned.
In general, biomass before carbonization contains high VS content and low FC, but high
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moisture content [30]. Previously, several studies showed a strong correlation between FC
content and calorific value; an increase in the FC content in char can directly increase the
heating value of the char [30,31]. The use of H2SO4 and NaOH as an additive has negatively
influenced the LHV of the produced hydrochar in comparison with the hydrochar produced
using organic acids and deionized water as an additive.

Table 2. Proximate analysis and heating value of hydrochar produced using various additives and
reaction conditions. (AC-Additive concentration; RT-Reaction temperature; Initial and final pH
represents the pH of feedstock slurry before and after HTC. All hydrochars were produced at 2 h
retention time.)

Sample Description pH
Proximate Analysis

(wt% Dry Basis)
LHV

Additive AC RT (◦C) Initial pH Final pH VS Ash FC MJ/kg

Deionized
water

-
200 7.8 6.6 49.29 41.89 8.83 15.03
220 7.9 6.7 44.52 46.55 8.94 15.40
240 7.8 6.9 47.10 44.31 8.59 15.16

CH3COOH

0.1 M
200 6.32 6.16 49.77 41.73 8.51 15.02
220 6.39 6.28 44.97 46.58 8.46 15.41
240 6.32 6.73 46.24 45.14 8.63 15.20

0.25
M

200 5.44 5.3 50.45 40.89 8.66 15.50
220 5.63 5.66 47.25 43.92 8.84 15.56
240 5.71 5.7 44.74 46.34 8.93 15.75

HCOOH

0.1 M
200 6.23 6.48 49.38 42.94 7.68 15.37
220 6.22 6.83 44.26 47.57 8.17 15.63
240 6.14 7.83 46.62 44.90 8.48 14.78

0.25
M

200 5.38 5.46 52.52 39.76 7.72 15.60
220 5.45 6.15 48.08 43.49 8.44 15.37
240 5.28 6.8 44.62 47.35 8.03 14.99

H2SO4

0.1 M
200 5.85 6.15 51.59 39.62 8.80 14.70
220 6.01 6.39 48.90 42.27 8.84 15.19
240 5.7 6.84 46.84 45.76 7.41 14.83

0.25
M

200 3.78 4.32 52.37 42.51 5.13 14.24
220 3.47 4.77 51.09 44.50 4.41 14.32
240 3.81 5.64 49.16 45.57 5.27 14.68

NaOH

0.1 M
200 9.88 6.92 50.04 43.10 6.87 14.77
220 9.94 8.4 45.21 48.40 6.40 14.50
240 9.9 7.02 43.74 47.89 8.37 14.84

0.25
M

200 10.68 7.5 45.67 48.53 5.81 14.24
220 10.98 7.7 43.66 49.46 6.88 14.46
240 10.76 7.9 42.18 50.72 7.11 14.90

The hydrochar produced using organic acids and deionized water as an additive
increased the FC content (7.72–8.94%) in comparison to the FC content of the initial feed-
stock (5.71%). Here, the increase in the FC content in hydrochar might have influenced
increasing the LHV (14.99–15.75 MJ/kg). However, the use of H2SO4 as an additive at
higher concentrations (0.25 M) negatively influenced the FC content of produced hydrochar
(4.41–5.27%). Similarly, the use of NaOH as an additive at lower reaction temperatures
(200 ◦C and 220 ◦C) had no noticeable influence on FC% (5.81–6.87%) in comparison with
initial feedstock. On other hand, it was also observed that there was a significant decrease
in the VS content and increase in the ash content after HTC of sewage sludge. The decrease
in VS content can be attributed to the reaction severity and dissolution of organic material
into the liquid phase, and an increase in the ash content can be correlated with the decrease
in the mass percentage of VS composition of the hydrochar. However, it is interesting
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to perceive that the ash content in the hydrochar produced using H2SO4 (0.25 M) as an
additive is offset more by decreasing FC content than VS content; similar phenomena can
also be seen with the hydrochar produced using NaOH as an additive at 200 ◦C and 220 ◦C.
The decrease in the FC content with the use of H2SO4 at higher concentrations and NaOH
at lower reaction temperatures (200 ◦C and 220 ◦C) as an additive can explain the lower
LHV in the respectively produced hydrochars.

3.5. Conductivity of Process-Water

Figure 4 is the graphical representation of the conductivity of the process-water
produced using different acids and alkali as additives. The conductivity measurement, in
general, provides a reliable means to understand the ion concentration of a solution. The
maximum conductivity of 24.10 μS/cm was observed in the process-water produced using
alkali additive. Among acid-based additives, the utilization of inorganic acid (H2SO4) as
an additive had process-water with higher conductivity (17.4–20.12 μS/cm) in comparison
with organic acid additives (CH3COOH and HCOOH).

 

Figure 4. Conductivity of process-water produced using acids and alkali additive at different
concentration.

3.6. Effect of HTC Organic Acids, Inorganic Acids, and Alkali Additive on P-Transformation
3.6.1. The pH of Feedstock Slurry, before and after HTC

Table 2 depicts the pH of the feedstock slurry before and after HTC at various tem-
peratures, additives, and additive concentrations. The HTC process comprises hydrolysis,
dehydration, decarboxylation, aromatization, and condensation polymerization [32]. Dur-
ing HTC, the pH of the feedstock slurry decreases as the result of the degradation of
macromolecular organic matter into an acidic substance (viz., volatile fatty acids) and
subsequent dissolution into the liquid phase. Further, the reaction time and temperature
also influence the pH of the sludge hydrolysate. The use of organic acids and inorganic acid
as additives resulted in the feedstock initial pH between 3.4 and 6.4. In contrast, the use of
NaOH additive resulted in the feedstock initial pH ranging from 9.9–11.0. In the baseline
condition, the deionized water additive has an initial pH of 7.8. The final pH represents
the pH of the feedstock slurry after HTC. The experimental observation demonstrates that,
regardless of variations in the initial pH, the final pH value after HTC always tends to
move towards neutral. The obtained results were consistent with an idea that the acids
formed during hydrolysis were subsequently decomposed or repolymerized at a higher
temperature, which influences the pH of feedstock slurry after HTC [28]. Further, it is
also possible that the buffering function of the sewage sludge might have a significant
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effect on the final pH. The obtained results of the shift in final pH towards neutral agree
with several earlier HTC studies carried out on sewage sludge [6], swine manure [33], and
wheat straw [15].

3.6.2. Effect of Additives on Phosphorus Transformation

Figure 5 shows the concentration of TP in the process-water produced after the HTC of
feedstock slurry at various temperatures. For each experiment, TP in the process-water was
analyzed spectrophotometrically after acid hydrolysis and oxidation of the process-water
sample. Further, the TP in the hydrochar was calculated mathematically using Equation (1).
Figure 6 depicts the influence of additives, additive concentration, and pH of the feedstock
slurry on the recovering TP from the raw feedstock into hydrochar after HTC at various
temperatures. In brief, the results show that even at a similar pH, higher leaching of TP
into process-water is achieved by the utilization of inorganic acid (H2SO4) as an additive
in comparison with organic acids.

 

Figure 5. TP concentration of the process-water.

Following the HTC of sewage sludge, the highest TP leaching into the process-water
(326 mg/L) was observed by using H2SO4 as an additive (pH 3.78), which represents about
93% of TP being recovered from raw feedstock into consequently produced hydrochar.
Irrespective of process temperature, using deionised waste as an additive did not have any
significant influence on the TP leaching. TP leaching into process-water using deionized
water as an additive was observed to be 63–101 mg/L, which represents about 97.7–98.7%
of TP being recovered from raw feedstock into consequently produced hydrochar. The
TP concentration in the process-water following the treatment at various temperatures
and organic acid additives—formic and acetic acid—was observed to be in the range of
58.3–126 mg/L and 59.3–86.6 mg/L, respectively. Likewise, using NaOH as an additive
also had comparatively similar TP leaching (66.2–154 mg/L) into the process-water after
HTC at various temperatures. The obtained results suggested that organic acids and alkali
had a very limited impact on extracting TP from raw feedstock into the process-water,
which agrees with the similar results demonstrated by earlier studies [6,33].

During HTC, the extraction of phosphorus into the process-water was generally lower
with the utilization of organic acids as additives in comparison with an inorganic acid,
regardless of temperature. An increase in H2SO4 additive concentration from 0.1 M to
0.25 M increased the TP leaching into process-water by about 3-fold from 101–127 mg/L
to 264–326 mg/L, respectively. However, increasing the concentration of organic acid
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additives from 0.1 M to 0.25 M obviously decreased the pH of the resulting feedstock slurry,
but it did not greatly influence TP leaching into process-water.

  

  

Figure 6. Influence of additives, additive concentration, temperature, and pH on the recovery percentage of TP into
the hydrochar.

The initial pH of feedstock slurry produced using CH3COOH and HCOOH additive
was ~6.3 and ~5.6, and ~6.2 and ~5.3, respectively, at 0.1 and 0.25 M concentration. The TP
in the process-water was observed to be in the range of 65.5–126 mg/L and 66–105 mg/L
when produced using CH3COOH additive at 0.1 and 0.25 M concentration. Similarly, the

197



Processes 2021, 9, 618

TP in process-water was in a similar range with 59.3–66.9 mg/L and 62–86.3 mg/L when
produced using HCOOH additive at 0.1 and 0.25 M concentration.

Factors influencing the TP immobilization during the HTC process include treatment
conditions (temperature, reaction time, and additive properties), and the feedstock it-
self [28]. The formation of phosphorus salts (calcium phosphate, magnesium ammonium
phosphate, and magnesium phosphate) are known to immobilize phosphorus into the hy-
drochar and this immobilization is influenced by the presence of higher inorganic content
of the feedstock (such as the level of Ca, Mg, and others), pH, temperature and additives
during HTC.

The element composition of the feedstock, particularly the presence of phosphate
precipitating metals (viz., Fe, Al, and Ca) has a higher potential in deciding the phosphate
retention in the hydrochar product [34]. During HTC of sewage sludge, the presence of
a higher concentration of multivalent metal ions such as Al3+, Ca2+, Fe3+, and Mg2+ are
responsible for forming phosphate with low solubility and in turn enabling the phosphate
to be retained in subsequently produced hydrochar. However, the previous studies indi-
cated that the treatment using H2SO4 as an additive tends to reduce the level of Ca, Fe,
and Mg in hydrochar [33]. Analyzing the conductivity aids in understanding the metal
ion concentration in the process-water, and the experimental analysis indicated higher
conductivity in the process-water following the use of H2SO4 additives in comparison
with other organic acids as additives (see Figure 4). The presence of increasing metal
ion concentration can explain the higher level of P immobilization into the process-water,
particularly with H2SO4 additives. Nevertheless, despite having relatively higher conduc-
tivity following the use of NaOH as an additive, TP concentration in the process-water
was comparatively less. One explanation for increased conductivity following the use of
alkali additive can be simultaneously induced ionic salts with NaOH additive utilization.
The investigated results suggest that HTC of sewage sludge significantly immobilizes
phosphorus into hydrochar in all but mineral acid additives. Results are consistent with
another study carried out by Ekpo et al. (2016) demonstrating lower TP leaching into the
process-water during HTC of swine manure in the presence of CH3COOH, HCOOH, and
NaOH as additives.

4. Conclusions

The influence of organic acids, an inorganic acid and alkali as additives on phospho-
rus mobilization, energy value, yield, and dewaterability by hydrothermally carboniz-
ing sewage sludge was analyzed. Phosphorus extraction into the process-water is pH-
dependent and particularly significant in the presence of inorganic acid (H2SO4). The use
of H2SO4 and NaOH as additives has decreased the FC content of produced hydrochar,
which negatively influences the heating value of the consequently produced hydrochar.
A relatively higher reduction in the binding force of the sludge particles was observed
during HTC using H2SO4 in the reaction medium; this, in turn, improved the hydrochar
dewatering performance in comparison with other additives. In conclusion, if the HTC
of sewage sludge is designated to leach the phosphorus into the process water, the use of
inorganic acid at a higher concentration is favorable; however, compromises will be made
in the fuel characteristic of the hydrochar.
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Abstract: From the year 2021 on, heavy metals from Swiss municipal solid waste incineration (MSWI)
fly ash (FA) must be recovered before landfilling. This is predominantly performed by acid leaching.
As a basis for the development of defined recovery rates and for the implementation of the recovery
process, the authorities and plant operators need information on the geochemical properties of FA.
This study provides extended chemical and mineralogical characterization of all FA produced in
29 MSWI plants in Switzerland. Acid neutralizing capacity (ANC) and metallic aluminum (Al0)
were additionally analyzed to estimate the effort for acid leaching. Results show that all FA samples
are composed of similar constituents, but their content varies due to differences in waste input and
incineration conditions. Based on their geochemical properties, the ashes could be divided into
four types describing the leachability: very good (6 FA), good (10 FA), moderate (5 FA), and poor
leaching potential (8 FA). Due to the large differences it is suggested that the required recovery rates
are adjusted to the leaching potential. The quantity of heavy metals recoverable by acid leaching was
estimated to be 2420 t/y Zn, 530 t/y Pb, 66 t/y Cu and 22 t/y Cd.

Keywords: MSWI fly ash; properties of fly ash; acid leaching; heavy metal recovery

1. Introduction

About 4 million tons of waste are incinerated in Switzerland each year in 29 municipal solid waste
incineration (MSWI) plants to reduce the mass and volume of waste, destroy organic compounds,
and to recover energy. After incineration about 20 wt.% and 2 wt.% of the waste input remains as
bottom ash and fly ash (FA). FA precipitates from the flue gas by passing through boiler and electrostatic
precipitator. FA has been characterized by numerous studies [1–4]. The major chemical components are
Ca, Na, K, Cl, and S. The elevated Cl concentration in FA (often above 10 wt.%) results mostly from
the incineration of plastics (PVC). Chlorine forces the volatilization of heavy metals with high vapor
pressure by the formation of Cl-complexes [5]. In addition, some heavy metals (e.g., Zn, Pb, Cu, Sb,
Sn, and Cd) are chalcophile, and the high S concentration in the waste input additionally supports the
transfer into the flue gas. This results in the increased weight percent of several toxic metals in FA.
Thus, direct disposal in landfills in Switzerland without previous treatment is prohibited. Furthermore,
disposal also means that the metals in FA reach their end of life and are lost as valuable resources.
In the current trend towards a circular economy, where urban mining is prominent, FA has become
an interesting source for metal recovery. Therefore, the Swiss authorities released the Ordinance of the
Avoidance and Disposal of Waste (ADWO), which prescribes the recovery of heavy metals from FA
prior to disposal [6]. Currently, FA is either disposed in underground storage of neighboring countries,
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treated with a neutral leaching, and cemented afterwards, or it is treated by the so-called FLUWA
process, which is an acidic leaching process that was established in Switzerland in 1997. The FLUWA
process is currently the only feasible state-of-the-art process that achieves the demands of the ADWO.
Heavy metals from FA are recovered at varying rates [4,7,8] depending on the type of metal. As a basis
for the development of defined recovery rates and for the implementation of the recovery process,
the mass flow of metals in FA and their geochemical properties must be known. The metal content in FA
depends heavily on the waste input (industrial or household waste), and elemental concentrations differ
not only from plant to plant but also on a daily and seasonal basis [9]. The acid arising at the plants’ wet
flue gas cleaning systems is used as leaching agent. During the FLUWA process, the acid and alkaline
scrub water is mixed with FA and reacts in two- to three-stage cascade reactors. After 40–60 min of
leaching, vacuum filtration separates the solid metal depleted filter cake from the filtrate (leachate) with
dissolved metals. This leachate is used for direct metal recovery [7], or the metals are precipitated as
hydroxide sludge by the addition of lime. The sludge is exported, and the metals are recovered by
smelting plans. The depleted filter cake is disposed in a Swiss landfill of type D.

The efficiency of the process depends mainly on the pH, Eh, liquid-to-solid ratio (L/S ratio),
temperature, and leaching time. The content of heavy metals as well as the mineralogical composition of
the FA are important additional factors that influence the efficiency. The FLUWA process is performed
at a low pH (3–4) to successfully dissolve the heavy metals from FA. The addition of acid leads to
the dissolution of lime (CaO) and calcite (CaCO3) (among other minor phases), which buffer the
pH. Lime reacts in a first step with water to form portlandite (Ca(OH)2) before it dissolves, and two
hydroxide ions are released (Equations (1) and (2)).

CaO + H2O→ Ca(OH)2 (1)

Ca(OH)2 → Ca2+
(aq)

+ 2OH− (2)

Below a pH of ~7.3, calcite is dissolved by consuming protons and releasing CO2 in the process
(Equation (3)).

CaCO3 + 2H+ → Ca2+
(aq)

+ CO2 + H2O (3)

If the acid neutralizing capacity of the FA is larger than the amount of acid scrub water, additional
acid (e.g., 32% HCl) must be added to achieve low pH conditions, causing additional cost. The oxidation
of metallic aluminum (Al0) in FA forces reducing conditions [10]. Aluminum is usually present in FA
as aluminum foil particles, which are entrained with the flue gas. Despite their low content in FA,
their presence diminishes the leaching efficiency during the FLUWA process [10]. The oxidation of
Al0 is at the expense of metals such as Pb and Cu (Equation (4)), which are reductively cemented and
removed from the leachate [8].

2Al0 + 3Cu2+ → 2Al3+ + 3Cu0 ↓ (4)

To prevent reductive precipitation, an oxidizing agent (e.g., H2O2) is added during acid leaching.
It is speculated that other metals such as Fe0 and Zn0 in FA may reduce Cu2+ and Pb2+ during the
FLUWA process. This seems, however, to be unlikely as both elements are less reactive than Al0 [11,12].
The addition of an oxidizing agent at low pH conditions is crucial for Cu and Pb recovery, as it enhances
the yield greatly ([13], Table 1).

Regarding the currently limited capacity of only 12 FLUWA facilities and the capacities to be
expanded (either by new construction or by external treatment at other plants), an inventory of Swiss
FA was made. Knowledge about the FA composition and its properties will help FLUWA operators
and authorities in the implementation of the guidelines according to the ADWO. This study therefore
presents an overview of all forms of Swiss FA and their chemical and mineralogical composition,
acid neutralizing capacity, and content of metallic aluminum. The FA types were divided into exemplary
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groups (clusters) regarding combined FLUWA processing. In addition, the recovery potential of heavy
and valuable metals in FA was calculated.

Table 1. Average metal recovery achieved by acidic leaching with the FLUWA process [13].

Recovery (%)
FLUWA

Recovery (%)
Optimized FLUWA (+H2O2)

Zn 60–80 60–80
Pb 0–30 50–90
Cu 0–30 40–80
Cd 60–85 85–95

2. Materials and Methods

2.1. Sampling and Sample Processing

The sampling campaign was launched in December 2016 at all 29 MSWI plants in Switzerland.
For three weeks, 100–200 g of FA was sampled daily to obtain a representative sample of several
kilograms of FA. This timespan was chosen to avoid bias from daily fluctuation [9]. All but three
MSWI plants were sampled as requested in January 2017. The others performed the sampling in the
following months. One MSWI plant was not included in the study because it was shut down in 2020.
The samples were split, stored in sealed bags and aliquots for XRD and XRF, and were dried at 35 and
105 ◦C, respectively. All FA samples were anonymized.

2.2. Chemical Analysis

Elemental composition was determined by energy dispersive X-ray fluorescence analysis
(ED-XRF) using a Xepos spectrometer (SPECTRO, Kleve, Germany); with matrix adjusted calibration.
The measurement was performed on pressed powder pellets (32 mm diameter) using 4.0 g of ground
sample material and 0.9 g of Hoechst wax C from Merck as binder. Trace elements and rare metals
were analyzed by Actlabs (Canada) by the Ultratrace5 program. Actlabs uses INAA and ICP-MS to
determine the respective concentrations in the lower ppm and ppb range.

2.3. Mineralogical Analysis

Dried FA samples were mixed with 20 wt.% corundum (internal standard) and milled for 6 min using
an XRD-McCrown Mill Retsch GmbH, Haan, Germany). The powder was then filled in a glass capillary
(0.3 mm diameter, Hilgenberg Glass no. 10). The measurement was done at the Swiss-Norwegian
Beamline (SNBL) (at the European Synchrotron Radiation Facility (ESRF) in Grenoble using a Pilatus
2M (Dectris, Baden, Switzerland) detector measuring from 0.0051 to 34.3751 [◦2θ] with a step size of 0.01
[◦2θ] and a scan step time of 1 s by radiating the capillary using a focused beam (diameter 100 μ) with
a wavelength of 0.69264 Å and 17.9 keV. Phase identification and quantification was done using TOPAS
Academics V6 (Coelho Software, Brisbane, Australia) and HighScorePlus 4.6 (Malvern Panalytical,
Malvern, UK) using the Rietveld method.

2.4. Acid Neutralizing Capacity

FA (2 g) was added into 20 mL Mili-Q water (L/S ratio of 10). The suspension was then titrated in
40 steps using a 785 DPM Titrino device (Metrohm, Herisau, Switzerland) by adding every 10 min
1 mL 1M HCl under constant stirring. This procedure was determined in a previous study to best
describe the behavior of FA for acid leaching conditions [14].
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2.5. Metallic Aluminum

Metallic Aluminum was measured by oxidation of Al0 with H2O at high pH conditions
(Equation (5)) by measuring the amount of produced gas and calculating Al0 using the ideal gas law.

Al0 + 3H2O→ Al(OH)3 + 1.5H2 (5)

Theoretically, all base metals can from hydrogen in contact with water. A solution of 100 mL
0.5 M NaOH(Merck & Co., Kenilworth, NJ, USA) was filled in a Schott laboratory bottle (1 L) from
Smilax and flushed with Ar gas for ~5 min to create an inert atmosphere. FA (25 g) and a magnetic
stirring device (300 rpm) were added to the solution, and the bottle was immediately closed and sealed.
Temperature and pressure in the thermally isolated bottle were recorded every 10 s by a P/T logger
(HOBO U20-001-01, Onset, Cape Cod, MA, USA) for at least 8 h until reaction equilibrium was reached.

2.6. Cluster Analyis

To analyze similarities among FA, a data set with the obtained values of Zn, Al0, ANC, and the
amount of produced FA was compiled. The cluster analysis was done in MATLAB (R2018a, MathWorks,
Natick, MA, USA, 2018) using the linkage function to calculate an agglomerative hierarchical cluster tree.

3. Results

3.1. Chemical Composition

The average chemical composition of all FA samples (Table 2) is dominated by the oxides CaO
(270,000 mg/kg), SO3 (13,000 mg/kg), Na2O (100,000 mg/kg), SiO2 (80,000 mg/kg), K2O (70,000 mg/kg),
and Cl (130,000 mg/kg) (full details of chemical data can be found in Tables A1 and A2 and in the
Supplementary Materials). Further major constituents are Al2O3 (35,000 mg/kg), Fe2O3 (25,000 mg/kg),
P2O5 (10,000 mg/kg), MgO (12,000 mg/kg), and TiO2 (17,000 mg/kg). Of the recoverable elements,
Zn (average 36,000 mg/kg) is the most abundant followed by Pb (8000 mg/kg), Cu (2000 mg/kg), and Cd
(~200 mg/kg). Precious metals (e.g., Au and Ag) as well as the total content of rare earth elements (REE)
show low mg/kg concentration. FA samples have similar constituents, but the content varies heavily
due the different waste input (Figure 1). Ca, the dominating contributor to ANC, varies from 150,000
to almost 400,000 mg/kg. S and Cl, which promote the transfer of heavy metals into the flue gas, scatter
from 75,000 to 200,000 and 60,000 to 250,000 mg/kg, respectively. Of the total metal content (60,000
to 140,000 mg/kg), the recoverable metals are Zn (15,000–70,000 mg/kg), Pb (2500–16,000 mg/kg), Cu
(1000 to 3000 mg/kg), and Cd (100–350 mg/kg). The large concentration range of Zn, Pb, Cu, and Cd
indicates again the large differences in the waste input.

3.2. Mineralogical Composition

Phase analyses show that the major solid phases occur in all FA samples. On average, all
samples contain an amorphous part of ~41 wt.% including the minor and unidentified phases (Table 3,
a complete table can be found in the Supplementary Materials). Crystalline phases are dominated
by chlorides, such as halite (NaCl) and sylvite (KCl), which are abundant in all samples (11 wt.%
and 4 wt.% on average). K2ZnCl4 (5 wt.% on average) occurs in 23 samples and represents the most
important phase, which contains easily recoverable Zn. Gehlenite (Ca2Al2SiO7), belite (Ca2SiO4), and
quartz (SiO2) are the dominant silicate minerals (6.6, 4.0, and 2.4 wt.% on average, respectively). The
concentrations of the carbonates calcite (CaCO3) and magnesite (MgCO3) are 4.9 and 2.6 wt.% on
average. The dominating oxides are mayenite (Ca12Al14O33), perovskite (CaTiO3) (3.3 and 2.8 wt.% on
average), and lime (CaO, 1.6 wt.% on average). Rutile (TiO2) and periclase (MgO) are minor constituents
(both 0.7 wt.% on average) but occur in almost all FA samples. Among the sulfates, anhydrite (CaSO4) is
the only identifiable phase (8.1 wt.% on average). The broad range of concentrations of the major solid

204



Processes 2020, 8, 1668

phases in FA is indicated by the large boxes in Figure 2. Beside the main mineralogical constituents,
FA samples have many minor phases (<1 wt.%), which cannot be identified or quantified properly.

Table 2. Main mineralogical constituents in FA from 29 municipal solid waste incineration plants.

Phase Abbr. Formula
Average Content

(wt.%)
Occurrences in FA Samples

(max. 29)

Amorphous content (incl. minor) 41 29
Chlorides

Halite Ha NaCl 11 29
Sylvite Sy KCl 4 28

K2ZnCl4 KZn K2ZnCl4 5 23
Sulfate

Anhydrite An CaSO4 8 29
Silicates

Gehlenite Ge Ca2Al2SiO7 7 29
Belite Be Ca2SiO4 4 27

Quartz Qz SiO2 2 29
Carbonate

Calcite Cc CaCO3 5 28
Magnesite Mc MgCO3 3 28

Oxides
Mayenite My Ca12Al14O33 3 26
Perovskite Pk CaTiO3 3 27

Lime CaO 2 27
Rutile Rt TiO2 1 28

Periclase Pc MgO 1 28

Figure 1. Concentration distribution of selected chemical constituents in the 29 Swiss fly ash (FA) samples.

3.3. Acid Neutralizing Capacity

The titration curves of selected FA samples are shown in Figure 3. Seven FA samples had a starting
pH below 8 and reached a pH of 2 before 8 moL H+ was added. Twelve samples started at pH 10–12 but
dropped to a pH below 8 after the addition of a 1 moL H+. The remaining 10 samples started at pH 12
and required up to 3 moL H+ before dropping below pH 8, and an additional 5–10 moL H+ was needed
to reach pH 2. There are three major plateaus apparent. The first one is assigned to the dissolution of
portlandite (Ca(OH)2). Lime (CaO) reacts immediately with water, forms portlandite, and elevates the
pH above 12 (see Equation (2)). The next major step is assigned to the dissolution of calcite (CaCO3,
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see Equation (4)). The final major step around pH 4 marks the start of the dissolution of Ca-Si phases
like belite (Ca2SiO4) and (partly) gehlenite (Ca2Al2SiO7), and other minor phases start to dissolve. Of
all phases, calcite is the dominating phase of the ANC. Ca-Si phases as well as the amorphous part only
dissolve partially below pH 4. The required amount of H+ per kg FA to reach pH 2 with an LS of 10 is
shown in Figure 4 as boxplot (a complete table can be found in the Supplementary Materials).

Table 3. Approximate annual flow of metals in Swiss FA.

Annual Flow in Swiss Fly Ash (kg/a) ± Uncertainty (SD)

Zn 3,052,798 ± 78,651 V 1036 ± 15
Al 1,392,164 ± 24,735 La 994 ± 11
Fe 1,340,295 ± 24,822 Y 681 ± 14
Ti 791,008 ± 13,579 Nd 560 ± 13
Pb 667,668 ± 17,000 Se 473 ± 3
Sb 194,269 ± 4536 In 276 ± 4
Cu 172,269 ± 4816 Th 182 ± 4
Sn 140,728 ± 1090 Sc 178 ± 3
Mn 58,243 ± 811 Gd 153 ± 2
Cr 39,064 ± 538 Pr 146 ± 2
Sr 28,864 ± 278 Tl 105 ± 2
Cd 20,735 ± 263 Sm 95 ± 5
Ba 13,220 ± 209 Yb 71 ± 1
Ni 10,021 ± 182 Dy 64 ± 1
Bi 8268 ± 125 Be 44 ± 2
Rb 7826 ± 173 Er 42 ± 0.5
Zr 6696 ± 94 Ge 42 ± 1
As 6293 ± 94 Eu 26 ± 1.2
Li 4012 ± 83 Tb 19 ± 0.3
Co 3975 ± 43 Nb 16 ± 0.5
Ag 3191 ± 52 Ho 13 ± 0.5
Ce 1761 ± 50 Au 12 ± 0.2
W 1378 ± 22 Te 11 ± 0.2
Mo 1090 ± 21 Lu 8 ± 0.1

Figure 2. Distribution of the main mineral phases in Swiss FA in wt.%. Outliners are marked as circle.
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Figure 3. Titration curve of selected FA samples (LS 10). The main plateaus are marked with a black
line. The black arrow illustrates the big difference of acid that is required to achieve pH 2.

Figure 4. Boxplot of the acid neutralizing capacity (ANC) as amount mol H+ to reach pH 2 at a L/S
ratio of 10 and Al0 in Swiss FA (n = 29).

3.4. Metallic Aluminum Al0

The content of Al0 in FA is shown as a boxplot in Figure 4 (a complete table can be found in
the Supplementary Materials). Two samples (FA01, FA04) show content above 1.4 wt.%, five samples
(FA02, FA06, FA10, FA14, FA26) contain 0.8–1 wt.%, and most of the samples are between 0.1 and 0.6 wt.%.
Two samples contain no Al0. Overall, the Al0 content is on average 30% of the total aluminum in FA.

3.5. Cluster Analysis

The dendrogram of the cluster analysis is shown in Figure 5. The cophenetic correlation coefficient,
a measure of how faithfully a tree represents the dissimilarities among observation, is 0.71 (the maximum
would be 1), which is acceptable. The red cluster on the right has eight samples (FA01, FA04, FA02,
FA06, FA14, FA10, FA03, and FA29). On the left side is a branch with a yellow cluster of five samples
(FA20, FA21, FA23, FA28, and FA26), a green cluster of six samples (FA16, FA18, FA24, FA22, FA27 and
FA25), and finally a blue cluster representing 10 samples (FA13, FA17, FA19, FA11, FA12, FA08, FA11,
FA15, FA05, and FA07).
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Figure 5. Cluster tree of the FA samples according to their content of Zn and Al0, the ANC, and the
amount of FA produced in 2016. The y-axis shows the distances between the calculated values and
hence is a mathematical value that expresses the dissimilarity.

Every cluster represents FA samples with similar properties. The average value of each property
and cluster is shown in Figure 6. The green cluster representing FA with very good leaching potential
contains FA with the highest Zn concentration of 5.7 wt.% and the lowest content of Al0 (0.05 wt.%).
Each MSWI plant produces almost 4000 tons of FA per year. This cluster is the most interesting for
economic metal recovery due to the high Zn recovery with the lowest H2O2 consumption and low acid
consumption (7.4 mL mol H+ per kg FA to reach pH 2). The blue cluster representing FA with good
leaching potential is the largest cluster with an average Zn concentration of almost 4 wt.% and a content
of Al0 of 0.2 wt.%. These plants produce on average 2200 t of FA per year. The ANC is the lowest
because the FA samples required only 7.3 mol H+ per kg FA to reach a pH of 2 during the titration and
a relatively low amount of hydrogen peroxide. The yellow cluster representing FA with moderate
leaching potential contains only five MSWI plants. Their FA shows low averaged Zn concentration
of 2.6 wt.% but a rather high Al0 concentration of 0.4 wt.%. Since some MSWI plants are among the
largest in Switzerland, the amount of produced FA is 4300 t per year on average. The metal recovery of
these ashes requires higher amount of acid (8.6 moL H+ per kg FA to reach pH 2) and a high amount of
H2O2. The red cluster containing FA with poor leaching potential shows the lowest Zn concentration
of all clusters (2.2 wt.%) but by far the highest concentration of Al0 (0.8 wt.%). On average, plants in
this cluster produces only 1300 t of FA per year. However, this cluster has the highest ANC of 10 mol
H+ per kg FA to reach pH 2.
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Figure 6. Average Zn and Al0 concentration as well as average produced FA per plant and the average
ANC for each cluster.

4. Discussion

4.1. Mass Flow of Metals in Swiss FA

The estimated annual mass flow of metals in Swiss FA is illustrated in Table 4. The mass flow was
calculated based on concentrations and amount of FA from all plants in 2016 [15]. The total quantity of
recoverable metals is: 3052 t/y Zn, 667 t/y Pb, 172 t/y Cu, and 20 t/y Cd. Other base metal contributions
are: 1392 t/y Al, 1340 t/y Fe, 791 t/y Ti, and the chalcophile elements Sb 194 t/y and Sn 140 t/y. The annual
mass flow for REE (including Sc and Y) is 4.8 t/y, mainly represented by the light-REE Ce (1.8 t/y),
La (1 t/y), Y (0.7 t/y), and Nd (0.6 t/y). Other notable metals are Ni (10 t/y), As (6 t/y), Co (4 t/y),
Ag (3.1 t/y), and W (1.4 t/y). Gold is a minor constituent in FA, and thus only 12 kg is landfilled each year
from FA. The low mass flow of REE and other precious metals (Ag, Au) in FA is due to their low vapor
pressure, expressed with low partitioning coefficients < 0.1 [16]. Preferentially chalcophile elements
such as Zn, Pb, Cu, Sb, and Sn are expected to be enriched in FA. The origin of the metals in the waste
input was not investigated in this study. It can be assumed that abundant metals are mainly from
alloys (e.g., Zn, Sn), color pigments (e.g., Ti), or additives in plastic (e.g., Sb). Table 4 shows the annual
technically possible acid leaching potential of Zn (2420 t/y), Pb (530 t/y), Cu (66 t/y), and Cd (21.8 t/y)
considering the FLUWA process is optimized by using HCl and H2O2 as additives [14]. The recovery
potential of metals is very high compared to the unwrought metal imported in Switzerland in 2017 [17].
Approximately 30% Zn, 16% Pb, and 1% Cu of the annual import could be replaced by metal recovery
from FA. Metal prices fluctuate frequently, and future changes in waste input, e.g., by enhanced metal
separation prior to combustion, could drastically change the quantity of heavy metals recoverable by
FA and the economic aspects. Ecologically it is, however, beneficial to recover other metals as well,
such as Sb and Sn. Heavy metals in landfills are a constant threat to the surrounding environment,
especially from a long-term perspective, and primary production (mining, excavation, and extraction)
have dramatic impacts on the environment and its inhabitants [18].
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Table 4. Total amount of Zn, Pb, Cu, and Cd that is recoverable by the FLUWA process. The data of the
raw import in Switzerland in 2017 only refers to the unwrought metal (no. 7901, 7801, 7403, and 8104
of the Swiss Explanatory notes of the Customs Tariff—Tares [19].

Metal
Recovery of the

Optimized FLUWA
Treatment [10]

Amount (t/y)
Annual Import in
Switzerland, 2017

(Unwrought Metal) (t) [17]

Zn 80% ~2420 7338
Pb 85% ~530 3271
Cu 40% ~66 4881
Cd 100% ~21.8 4

4.2. Characterization of FA Regarding the FLUWA Treatment

To estimate implementation planning and effort for FA leaching, the properties of all FA samples
were grouped with similar properties into four different clusters. Of all MSWI plants, 16 out of 29
produce FA that shows very high or high leaching potential, and 13 MSWI plants produce FA that
shows moderate or low leaching potential. FA with moderate or poor leaching potential require higher
effort and has smaller return through the recovery of Zn. Thus, mixing of different FA types could be
an expedient means of diminishing the effects of poor leaching potential. For optimized processing,
FA composition is suggested to be monitored regularly by simple tests of ANC, Zn (Pb, Cu), and Al0.
The cluster, however, provides preliminary information for general planning and FLUWA design.

4.3. Situation in Switzerland from 2021 on

As of 2021, there will be 29 MSWI plants in Switzerland producing ~80,000 tons of FA per year
that must be treated prior to disposal. Although the type of process to recover metals from FA will not
be prescribed, all FA is expected to be treated by the FLUWA process, as it represents the state-of-the art
process. In 2018, only 12 plants individually conducted acid leaching. The remaining plants produce
approximately 43,000 t/y of FA, which has to be treated in external or newly constructed facilities.
Considering the costs of 350–450 CHF per ton of FA [4], there is a market potential of CHF 15–20 million
per year.

5. Conclusions

This study shows the wide range of chemical and mineralogical differences of the FA in Switzerland
and the properties influencing acid leaching. Consequently, the effort to recover heavy metals from
FA varies widely is mainly dependent on metal and Al0 content and on the ANC. It is especially
unfavorable for FA with low Zn content but high ANC to recover a fixed rate of heavy metals. This fact
was considered in the implementation of the guidelines of the ADWO, which prescribes that the
recovery rate of Zn and Pb to achieve is based on the initial concentration in FA [20]. After complete
implementation, the FLUWA treatment of all Swiss FA will produce a significant quantity of recovered
heavy metals. These quantities are otherwise disposed as pollutants in landfills and removed from the
raw metal cycle. However, the remaining filter cake that is deposited still contains a significant load of
contaminants, such as Sb and Sn. Further development is therefore needed to increase the recovery of
heavy metals and to extend it to less easily recoverable elements.
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Appendix A

Table A1. Measured elements in Swiss FA.

Name Unit Method Average Median Max Min

Na2O mg/kg ED-XRF 92,728 100,400 144,700 12,000
MgO mg/kg ED-XRF 12,733 12,400 27,000 3200
SiO2 mg/kg ED-XRF 84,548 81,500 148,100 51,200
P2O5 mg/kg ED-XRF 9798 9192 15,700 6480
SO3 mg/kg ED-XRF 136,179 131,400 201,500 74,500
Cl mg/kg ED-XRF 137,483 144,200 258,400 8800

K2O mg/kg ED-XRF 65,401 65,800 110,400 12,000
CaO mg/kg ED-XRF 268,231 256,800 375,900 160,100
Zn mg/kg ED-XRF 36,039 34,830 66,450 13,850
Pb mg/kg ED-XRF 7978 6116 19,130 2380
Cu mg/kg ED-XRF 2030 1792 6647 737
Cd mg/kg ED-XRF 243 258 464 36
Mn mg/kg ED-XRF 822 820 1569 534
Fe mg/kg ED-XRF 17,641 17,640 31,217 9421
Al mg/kg ED-XRF 18,673 17,995 32,390 9632
Ti mg/kg ED-XRF 10,582 10,660 16,200 7018

Au μg/kg INAA 1829 745 20,600 247
Ag mg/kg MULT INAA/TD-ICP-MS 39 37 94 13
Ni mg/kg MULT INAA/TD-ICP-MS 123 105 335 72
As mg/kg INAA 78 73 163 9
Ba mg/kg MULT INAA/TD-ICP-MS 166 174 248 82
Be mg/kg TD-MS 0.6 0.5 1.5 0.3
Bi mg/kg TD-MS 102 99 264 39
Br mg/kg INAA 2071 2130 4290 153
Co mg/kg MULT INAA/TD-ICP-MS 51 45 96 22
Cr mg/kg INAA 512 463 1460 265
Cs mg/kg MULT INAA/TD-ICP-MS 7 8 10 2
Eu mg/kg TD-MS 0.3 0.3 0.4 0.2
Hf mg/kg INAA 2.1 2.0 4.0 <1
Ge mg/kg TD-MS 0.5 0.4 2.0 0.1
In mg/kg TD-MS 2.9 1.9 11.4 0.4
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Table A2. Measured elements in Swiss FA.

Name Unit Method Average Median Max Min

Li mg/kg TD-MS 50 47 151 28
Nb mg/kg TD-MS 0.5 0.1 3.6 0.1
Mo mg/kg TD-MS 12 8 71 3
Rb mg/kg TD-MS 95 96 159 21
Re mg/kg TD-MS 0 0 0 0
Sb mg/kg INAA 2381 2240 4540 745
Sc mg/kg INAA 2.4 2.2 4.9 1.2
Se mg/kg MULT INAA/TD-ICP-MS 5.6 4.6 12.5 2.0
Sr mg/kg TD-MS 366 363 523 289
Ta mg/kg MULT INAA/TD-ICP-MS <0.1 <0.1 <0.1 <0.1
Te mg/kg TD-MS <0.1 <0.1 <0.1 <0.1
Th mg/kg MULT INAA/TD-ICP-MS 2.4 2.3 5.2 1.3
Tl mg/kg TD-MS 1.3 1.2 2.1 0.6
U mg/kg MULT INAA/TD-ICP-MS 1.2 1.1 3.0 0.7
V mg/kg TD-MS 13 14 21 2
W mg/kg INAA 30 18 114 <1
Y mg/kg TD-MS 9 8 16 5
Zr mg/kg TD-MS 90 85 220 39
La mg/kg TD-MS 12 12 24 8
Ce mg/kg TD-MS 22 20 51 13
Pr mg/kg TD-MS 1.9 1.9 2.8 1.2
Nd mg/kg TD-MS 7.1 7.2 12.3 4.3
Sm mg/kg TD-MS 1.2 1.1 2.4 0.7
Gd mg/kg TD-MS 2.0 1.6 7.4 0.9
Dy mg/kg TD-MS 0.8 0.8 1.2 0.5
Tb mg/kg TD-MS 0.2 0.2 0.9 0.1
Ho mg/kg TD-MS 0.2 0.1 1.2 0.1
Hg μg/kg TD-MS 528 320 2000 50
Er mg/kg TD-MS 0.5 0.5 1.5 0.3
Tm mg/kg TD-MS 0.1 0.1 0.1 0.1
Yb mg/kg TD-MS 0.8 0.5 8.3 0.3
Lu mg/kg TD-MS 0.1 0.1 0.4 <1
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Abstract: A major part of Swiss fly ashes (FA) from municipal solid waste incineration (MSWI) are
treated with the acid fly ash leaching process (FLUWA) in order to recover heavy metals prior to
deposition. The FLUWA process uses scrub water from wet flue gas cleaning to leach heavy metals
from FA. The leaching efficiency is strongly dependent on the leaching conditions (e.g., pH, Eh,
L/S-ratio). This case study presents the optimization of the FLUWA process at the MSWI plant
Linth, Switzerland, through determination of ideal process parameters for optimal metal recovery.
By means of laboratory- and industrial-scale experiments, the process was adjusted towards a more
efficient leaching of Zn, Pb, Cu, and Cd. This included the use of an oxidizing agent (hydrogen
peroxide). Laboratory experiments proved to be a powerful tool for simulating process optimizations
at industrial scale. An ideal leaching pH of 3.8 was determined and it was observed that the process
stability is significantly influenced by the L/S-ratio applied to the leaching process. In the course
of the study, the recovery could be improved to 67% Zn, 66% Pb, 30% Cu, and 91% Cd. It can
be concluded that for optimal metal recovery the process has to be individually adjusted to the
composition of the processed FA and scrub water of each specific FLUWA process.

Keywords: MSWI fly ash; acid leaching; heavy metal recovery; process optimization

1. Introduction

In Switzerland, approximately 80,000 tons of fly ash (FA) from municipal solid waste
incineration (MSWI) arise annually [1]. Due to the incineration of heavy metal bearing
objects (e.g., electronics or batteries) contained in the waste, the FA is highly enriched in
heavy metals. Swiss FA contain up to 6.6 wt.% Zn, 1.9 wt.% Pb, 0.6 wt.% Cu, and 0.05 wt.%
Cd [2], and such elevated heavy metal concentrations have been observed in ashes from
other countries [3]. Thus, FA comprises a large potential for recyclable metals where mainly
the elements Zn, Pb, Cu, and Cd are of interest. In recent years, a research focus was put
on the optimization of the heavy metal separation and recovery from FA. Acid leaching
was shown to be the most effective method to mobilize heavy metals from FA [4–11].

Since 1995, the acid fly ash leaching process (FLUWA process) has been established
in Switzerland. Therein, heavy metals are extracted from FA using scrub water [12–14],
a liquid residue from wet flue gas cleaning. The heavy metals are accumulated in the
leachate which can later be used for heavy metal recovery. The aim of the FLUWA process
is to produce a leachate that contains high concentrations of the metals to be recovered.
The metal recoveries achieved in the FLUWA process depend on the properties of the
FA as well as on the leaching conditions. The main process parameters that influence
metal mobilization are pH value and the oxidation-reduction potential [15]. The leaching
pH is defined by the alkalinity of the FA and the amount of acid accumulated from the
scrub water. In order to reach sufficient acidic process conditions for mobilizing the heavy
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metals, the addition of additional acid is often necessary. The pH value defines whether the
mobilized metals reprecipitate during extraction, making them unavailable for recovery. In
order to create ideal conditions for the extraction of redox-sensitive metals, an oxidant (e.g.,
hydrogen peroxide) is necessary during the FLUWA process. Oxidizing conditions during
metal extraction are a prerequisite to suppress the reductive precipitation of elements such
as Cu, Pb, and to a minor extent, Cd [16–18]. Other factors influencing FA leaching are
temperature and reaction time. A temperature of ca. 60 ◦C arises from the mixing of FA
and scrub water during the FLUWA process. The reaction time is dependent on the number
of extraction reactors used. Three reactors connected in series are prevalent in Switzerland.
An extraction time of one hour, cumulated from 20 min per reactor, has commonly been
established. Filtration of the ash slurry by vacuum-belt filtration yields a metal-depleted
filter cake and a metal-enriched leachate. The filter cake has less impact on the environment
and can be deposited together with bottom ash on a landfill type D according to the Swiss
Waste Ordinance [19]. The metalliferous leachate is precipitated to a hydroxide sludge.
The hydroxide sludge can so far only be processed abroad as hazardous waste. With the
foundation of SwissZinc AG, a central treatment facility for hydroxide sludge is pursued.
Implementation is expected by the end of 2023 [20]. This plant will apply a system based
on the FLUREC process to produce high-purity zinc and as byproducts Pb, Cu and Cd in a
recoverable form [12]. The prescription of recovering heavy metals from FA and recovery
of metals is prescribed from 2026 onwards in Switzerland [19]. Therefore, the investigation
of the FLUWA process is of increasing interest to improve heavy metal separation and to
estimate the limiting factors of metal depletion.

With this study, the optimization of the FLUWA process at the Swiss MSWI plant Linth
is shown. The goal of the study was to determine the process parameters for an optimal
recovery for Zn, Pb, Cu and Cd. This was achieved by performing experiments both on
laboratory and industrial scale. The laboratory-scale experiments allow the preliminary
examination of the influence of different parameters on the FA leaching process. As the
operation on the industrial process relies on many more variables which cannot all be
varied or excluded, the laboratory-scale experiments render it possible to better isolate and
examine the influence of selected parameters. These initial experiments also deliver an
idea of metal recoveries attainable for the specific FLUWA process. In the course of the
study, three industrial-scale experiments were carried out. Such experiments represent
the reality of a large-scale operation which runs continuously over hours and days where
the input materials may also vary over time. Parallel to each industrial-scale experiment,
laboratory-scale experiments were carried out with the same process parameters. This
indicates to what extent laboratory-scale experiments can model the industrial FLUWA
process. In a first experiment, the “current state” of the FLUWA process was sampled
in order to make statements about the operational state and the efficiency of the metal
recovery. The successive two industrial-scale experiments were performed to implement
and verify the optimized operating parameters determined in the laboratory.

2. Materials and Methods

2.1. FLUWA Process at MSWI Plant Linth: Process Conditions and Composition of FA

A total of 6500 t/y of FA are acid leached in the FLUWA process at MSWI plant Linth.
In addition to FA from the plant’s own waste incineration, external FA from three other
Swiss MSWI plants are treated with the FLUWA process. The FLUWA of the MSWI plant
Linth has three reactors operating in series, each with a volume of about 3 m3 with an
average residence time of about 45 min (Figure 1).

Approximately 9000 m3 of acid scrub water with a hydrochloric acid load of 1600 t
HCl (32%) and 5500 m3 of alkaline scrub water with a sulfur load of 275 t from the wet
flue gas cleaning process are available annually for the extraction of the FA. Depending on
the experiment, an amount of ca. 2–3 t of FA was leached with 6 m3 of acid and 3 m3 of
alkaline scrub water per hour of FLUWA operation. When necessary, HCl 32% was added
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for pH control. For the optimization tests, a temporary hydrogen peroxide (H2O2, 30%)
feed line was built into reactor 1.

Figure 1. Scheme of the acid fly ash leaching (FLUWA) process and sampling locations during the
industrial-scale experiments.

Table 1 summarizes the mean value of the FA composition over the entire project
duration and indicates the standard deviation for each element concentration. Compared
to the average heavy metal concentrations of Swiss fly ash [2], the FA treated at MSWI
plant Linth shows elevated Zn (52,593 mg/kg), Pb (9378 mg/kg), Cu (2671 mg/kg) and Cd
(332 mg/kg) concentrations.

Table 1. Mean elemental composition in mg/kg and standard deviation of the fly ash (FA) treated at
municipal solid waste incineration (MSWI) plant Linth.

Mean Concentration of FA Treated at MSWI Plant Linth

Al 30,278 ± 2268
Ba 2152 ± 208
Br 3255 ± 174
Ca 144,928 ± 8696
Cd 332 ± 34
Cl 97,707 ± 2892
Cr 684 ± 120
Cu 2671 ± 291
Fe 19,274 ± 1271
K 52,755 ± 3590

Mn 881 ± 67
Ni 132 ± 16
P 3851 ± 117

Pb 9378 ± 973
S 61,619 ± 9450

Sb 2621 ± 273
Si 77,689 ± 15,562
Sn 1447 ± 139
Ti 9783 ± 887
Zn 52,593 ± 7371
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2.2. Chemical Analysis

All solids were dried at 105 ◦C until constant weight and then ground with a ball
mill. Then, 4.0 g of the ground sample was mixed with 0.9 g binder (Fluxana Cereox®) and
pressed into a powder pill. The analysis of solids was carried out using X-ray fluorescence
analysis on a Spectro Xepos ED-XRF. The elements Al, Ca, Cd, Cu, Fe, K, Mn, Pb, S, Sb,
Si, Ti and Zn were determined with matrix-adapted calibration for FA or filter cake. The
elements Ba, Br, Cl, Cr, Ni, Pb and Sn were determined with the Turboquant method.

The liquid samples (leachates) were diluted with 1% HNO3 (HNO3, 1%, VWR Chemi-
cals, AnalaR Normapur) and analyzed with a Spectroblue SOP ICP-OES. The calibration
was performed using Merck Multielement Standard IV and the analyses were checked
with a check standard (Merck VIII Multielement Standard). The analytical error amounts to
±5% for all elements except Na, K, Ca, Sb and S that showed ±10% error based on multiple
measurements of certified standard solutions.

2.3. Laboratory-Scale Experiments

The preliminary laboratory-scale experiments were carried out in order to determine
the influence of different conditions and parameters on the heavy metal recovery. It is
already known from preliminary studies that mainly pH value, H2O2 dosage and L/S-ratio
need to be investigated to optimize a specific FLUWA process [15]. Therefore, six different
experiments were performed at laboratory scale (Table 2): at extraction pH of 3.8 and 4.5,
with a concentration of 0, 20, 40 and 60 L H2O2/t ash and with two different L/S ratios of
2 and 3. The experiments were performed twice to ensure reproducibility and the mean
value used as result. In addition to the three industrial-scale experiments, laboratory-scale
experiments were performed under conditions simulating the specific process conditions
as good as possible.

Table 2. Experimental setups for laboratory-scale experiments.

Parameter pH Redox (L/t H2O2) L/S (m3/t)

Experiment 1 3.8 40 2
Experiment 2 4.5 40 2
Experiment 3 3.8 0 2
Experiment 4 3.8 20 2
Experiment 5 3.8 60 2
Experiment 6 3.8 40 3

For all laboratory tests, 75 g FA was added to the corresponding amount of acid
scrub water required for the given L/S-ratio. For each experiment, 70% acid scrub water
and 30% alkaline scrub water (HCl = 1.26–1.42 mol/L) were used. Upon mixing the FA
with scrub water, the neutralization heat almost instantly led to a rise in temperature
in the reactor to approximately 60–65 ◦C. A heating stirrer including a thermostat was
used to maintain a temperature of 60 ◦C while stirring the mixture at ca. 400 rpm. The
neutralization occurring upon mixing also led to a pronounced increase in pH value. The
pH was corrected to the desired value (pH 3.8 or 4.5) by the dropwise addition of HCl, 32%
(VWR Chemicals, AnalaR Normapur) to the mixture. The dosing of H2O2 (30%, Merck,
stabilized, for synthesis) was carried out in several small portions within the first 20 min of
leaching to simulate the continuous peroxide addition to reactor 1 on the industrial scale.
The total leaching time applied was 60 min. The pH and temperature of the suspension
were documented as well as the quantities of each reagent added. At the end of the leaching
time the mixture was hot filtered. The filter cake was washed twice with deionized water
(50 mL each, 18.2 MΩ·cm) and the combined leachate was rapidly conserved by diluting it
1:100 (vol/vol) with nitric acid (HNO3, 1%, VWR Chemicals, AnalaR Normapur).
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2.4. Industrial-Scale Experiments

A main goal of the industrial-scale experiments was to collect time-dependent data
on the industrial operation. This in turn allowed to identify and address the problems
related to the continuous large-scale industrial process. The experimental setups of the
three industrial-scale experiments are shown in Table 3. All material flows were sampled at
defined time intervals adapted to the operation (mostly in 30-min intervals). The sampling
included FA, scrub water (separated acid and alkaline), filter cake from vacuum belt
filter, and leachate (Figure 1). The leachate samples were taken at defined time intervals
(sampling in 7 min intervals and mixed to samples of 28 min) by means of an automatic
sampler (CSF 48, Endress+Hauser). The sample preparation for the leachates was carried
out as soon as possible on site. This includes the uptake of the mass flow (present volume
of leachate per unit of time), the filtration and the subsequent stabilization of the sample
with HNO3 (30%, VWR Chemicals, AnalaR Normapur) prior to analysis. In addition, pH
value, redox potential, and oxygen content were measured in all three reactors at defined
time intervals (usually every 15 min).

Table 3. Experimental setups for industrial-scale experiments.

Parameter. pH Redox (L/t H2O2) L/S (m3/t)

Experiment A 6 0 3
Experiment B 4.5 40 3
Experiment C 4 40 4

2.5. Calculation of the Leaching Recovery

When performing laboratory-scale experiments, mass balance is easily determinable
because all volumes, concentrations and weights can be determined. Therefore, the calcula-
tion of the metal recovery was performed as follows (Formulas (1) and (2)):

recovery (%) = 100·
(

1 − c( f ilter cake)
[
mg·kg−1]·m f ilter cake[kg]

c( f ly ash)[mg·kg−1]·m f ly ash[kg] + c(scrub water)[mg·L−1] · Vscrub water[L]

)
(1)

where m is the mass of filter cake or FA. For the laboratory tests, the recovery can also
be calculated via the concentration in the leachate:

recovery (%) = 100· c(leachate)
[
mg·L−1] · Vleachate[L]

c( f ly ash)[mg·kg−1]· m f ly ash[kmg] + c(scrub water)[mg·L−1] · Vscrub water[L]
(2)

where Vleachate is the volume of the leachate at the end of the experiment. The mass
balance is then calculated using Formula (3):

mass balance (%) = 100 ·
(
c(leachate)

[
mg·L−1] · Vleachate[L]

)
+

(
c( f ilter cake)

[
mg·kg−1] · m f ilter cake[kg]

)
c( f ly ash)[mg·kg−1] · m f ly ash[kg] + c(scrub water)[mg·L−1] · Vscrub water[L]

(3)

As the FLUWA process at MSWI plant Linth is conducted in a continuous process, this
weight difference is in most cases not known. The mobilization of the acid-soluble compo-
nents of the FA (e.g., salts) leads to a reduction of mass of the filter cake. Therefore, the
mass loss on the industrial scale is often calculated indirectly by measuring and balancing
the “inert elements” (e.g., Al, Si, P, Ca, Ti, Cr, Fe, Ni, Sb and Ba). These elements are hardly
mobilized under the respective extraction conditions and therefore accumulate in the filter
cake relative to its total mass. Assuming that the absolute amounts of these elements in FA
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and filter cake are equal and only their concentrations differ, the average enrichment factor
of the inert elements can be used as a proxy for the mass loss (Formulas (4) and (5)).

enrichment f actor =
∑
(

cinert( f ilter cake)[mg·kg−1]
cinert( f ly ash)[mg·kg−1]

)
number o f inert elements used

(4)

where c is concentration of the respective element.

recovery (%) = 100·
(

1 − c( f ilter cake)
[
mg·kg−1]

c( f ly ash)[mg·kg−1] · enrichment f actor

)
(5)

3. Results

3.1. Laboratory-Scale Experiments

Figure 2 shows the results obtained in the laboratory-scale experiments. The results of
these experiments allowed the identification of optimal parameters for the industrial-scale
FLUWA operation at MSWI plant Linth.

Figure 2. Recoveries of laboratory-scale experiments for Zn, Cu, Pb and Cd to simulate the FLUWA process under different
leaching conditions.

The variation of the three parameters pH, redox and L/S ratio throughout the exper-
iments affected the metal recoveries in different ways. A leachate pH value of 4.0 and
above at the end of the experiment resulted in diminished recoveries of all four elements
studied (Experiment 2). This effect was most pronounced for Cu and Pb. If the pH is
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adjusted to a value of 3.8 at the end of the leaching process, the recoveries of Cu and Pb are
10% higher (Experiment 1). The oxidizing conditions when adding H2O2 to the ash slurry
mainly affect the elements Cu and Pb and to a minor extent Cd. Without the addition of
an oxidizing agent, 67% Zn and 55% Cd are recovered from FA whereas the recoveries
of Pb and Cd are extremely low (<10%) (Experiment 3). The addition of 20 L H2O2/t FA
increases the recoveries of Pb (60%) and Cd (86%) (Experiment 4). To achieve significant
recoveries for Cu, 40 L H2O2/t FA are required (63%) (Experiment 1). Table 4 lists the
analytical results of laboratory experiment 1 as well as the mass balance calculated using
Formula (3). An addition of more than 40 L H2O2 to the ash slurry did not significantly
improve Cu recovery (Experiment 5). In addition, the L/S-ratio did not have a large effect
on the recoveries measured for the laboratory-scale experiments, at least not in the applied
range between L/S 2 and 3 (Experiment 6).

Table 4. Mass balance of laboratory-scale experiment 1.

Amount of
material

Elemental concentrations (ppm)

Cd Zn Pb Cu

Fly ash (FA) 75 g 364 ± 10 47,877 ± 2200 10,080 ± 275 2942 ± 115
Scrub water 150 mL <0.1 <0.1 <0.1 <0.1
Filter cake † 164 ± 1 g 48 ± 2 24,715 ± 841 2740 ± 23 1571 ± 16

Leachate 180 ± 3 mL †† 128 ± 1 11,519 ± 112 3242 ± 66 879 ± 7

Mass balance 95% 93% 97% 94%
† dry (105 ◦C). †† comprising 60 mL of deionized water used for rinsing the filter cake.

The optimal leaching conditions determined in the laboratory for the FLUWA process
at MSWI plant Linth are as follows: Extraction pH of 3.8, 40 L H2O2/t FA and a L/S of 2
(Experiment 1). These parameters served as a basis for the optimization of the industrial
FLUWA process.

3.2. Industrial-Scale Experiments

The industrial-scale experiments at the MSWI plant Linth provided time-resolved data
over one day of the FLUWA process (Figure 3). The time-resolved sampling of input-FA,
leachate and filter cake allowed to determine the metal recoveries (Formulas (4) and (5)).
The simultaneous pH monitoring in the last reactor of the FLUWA process helped to
identify the potential and limitations of the recovery for the metals Zn, Cu, Pb and Cd.

Experiment A depicted and investigated the “current state” of the FLUWA process
before any optimizations. No H2O2 was added during this experiment and the pH value
and L/S ratio were not adjusted regularly. The concentration of Cu (2648 to 2927 mg/kg)
and Cd (250 to 320 mg/kg) in the input-FA were rather constant within the entire day
(Figure 3). On the other hand, the concentration of Zn (46,830 to 80,300 mg/kg) and Pb
(8743 to 10,680 mg/kg) that enters the FLUWA process with the input-FA was increasing
at the beginning of the process and decreasing again with increasing process duration.
Depending on the different composition of the FA added to the FLUWA process, the pH
value and metal recovery show strong fluctuations over time (Figure 3). The pH value of
the ash slurry in reactor 3 started low (pH 2) and gradually increased over time, leveling
off at ca. pH 6 at the end of the process. Under these conditions, little Cu and Pb could
be recovered throughout the day. Less pH and redox sensitive elements such as Zn and
Cu could be recovered better under the prevailing conditions. Especially Zn showed a
constant recovery between 58 and 68%, whereas the recovery of Cd fluctuated in the range
of 34 to 69%.
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Figure 3. Results of the daily course of the three industrial-scale experiments of the FLUWA process at MSWI plant Linth.
The concentrations in the input-FA (mg/kg) and the recoveries (%) of the metals Zn, Pb, Cu and Cd as well as the pH value
at the end of the process are shown for each experimental day.

In Experiment B, the initial plan was to be able to better control the pH by a lower
FA dosing (increased L/S) and to introduce oxidizing leaching conditions. However, the
input-FA dosage could be reduced only slightly due to the large quantities of FA present
and the limited capacities in the storage silos. Thus, the L/S-ratio was on a daily average at
the same value as in Experiment A (L/S 3). In addition, large concentration fluctuations of
Zn (41,080 to 63,860 mg/kg), Pb (9498 to 12,670 mg/kg) and Cu (2699 to 3474 mg/kg) in the
input-FA affected the extraction recovery during this experiment. Despite these difficult
conditions, it was possible to keep the pH value at a lower level than in Experiment A by the
additional dosage of HCl 32%. The pH-value at the end of the leaching process in reactor 3
was maintained at pH 4.5. In addition to the more acidic leaching conditions, oxidizing
conditions were established with the addition of 40 L/t H2O2 to the FLUWA process. The
recoveries of Pb, Cu and Cd were significantly better due to the oxidizing, more acidic
leaching conditions compared to Experiment A. The daily curves of the leaching recoveries
of Zn, Pb and Cu show a clear correlation with the concentrations of the added input-
FA. The higher the concentrations of FA, the higher the metal recovery. For Cd, no such
correlation is apparent, and the recoveries are very stable at a high level.

Experiment C was again performed under oxidizing conditions using 40 L/t H2O2.
However, the input-FA was homogenized compared to experiment B by mixing the FA
of the different storage silos before dosing (Zn (44,520 to 57,990 mg/kg), Pb (9222 to
11,100 mg/kg), Cu (2645 to 2929 mg/kg), Cd (269 to 381 mg/kg)). In addition, the FA
dosage could be reduced leading to a leaching L/S-ratio of 4. The higher L/S led to the pH
value being kept more stable at pH 4.0 during the entire experimental day. Due to the more
homogenic FA-input and the more stable process pH-value, the recoveries for Zn and Pb
were much more stable during the day. Despite the stable input concentrations, however,
there were still exceptionally large fluctuations in the Cu recovery during Experiment C.

222



Processes 2021, 9, 352

In addition to the daily course shown in the mean recoveries for Zn, Pb, Cu and
Cd over the entire day of the industrial-scale experiments are listed in Table 5. It can be
summarized that the recovery of Zn remains at a very stable level (60–70%), irrespective of
the adjustments made, whereas for Cd, the recovery could be increased from 52% to >90%.
For the more pH- and redox-sensitive elements Pb and Cu, increased recoveries were also
achieved with the optimization experiments, but at a lower level (Pb 11% to 66%, Cu 0% to
30%).

Table 5. Mean recoveries of Zn, Pb, Cu and Cd of the industrial-scale experiments of the FLUWA
process within one day at MSWI plant Linth.

Experiment Zn [%] Pb [%] Cu [%] Cd [%]

A 66 11 0 52
B 60 65 21 92
C 67 66 30 91

The results of the industrial-scale experiments have shown that it is difficult to im-
plement the ideal leaching conditions determined in the laboratory on a large-scale. For
this reason, experiments were carried out in the laboratory with the materials (FA and
scrub water) and conditions (pH, Eh and L/S) obtained at the large scale-experiments. This
allows a direct comparison of laboratory- and industrial-scale experiments (Figure 4). The
results show that the recoveries for Cd, Pb and Zn in the laboratory were comparable to
those of the industrial-scale experiments. However, despite the detailed reconstruction
of the operating conditions, large deviations could be observed in the recovery of Cu.
Laboratory-scale experiments show higher leaching recoveries for Cu (7%, 50% and 68%)
compared to the corresponding industrial-scale experiments (0%, 22% and 30%).

Figure 4. Metal recoveries of the FLUWA process of the three industrial-scale experiments and the corresponding laboratory-
scale experiments.

4. Discussion

4.1. Process Stability and Leaching Behaviour of Zn, Cu, Pb, Cd

The recovery of Zn for both laboratory and industrial-scale experiments were between
60% and 70% regardless of the conditions (Figure 4). The use of H2O2 had no influence
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at all, whereas an increased L/S-ratio and lower pH value slightly but not significantly
increased the recovery (Figure 2). Zn recovery thus seems to mainly depend on its input
concentration and binding forms. The more Zn is present in FA, the more can usually be
mobilized [15].

The redox conditions during extraction are of central importance for the recovery of
redox-sensitive elements such as Cu (E◦: +0.35 V), Pb (E◦: −0.31 V) and Cd (E◦: −0.40 V).
Without the addition of H2O2, the reducing conditions during the FLUWA process led to
the cementation reaction of dissolved Cu2+, Pb2+ and Cd2+ on the surface of less noble
metals present in the FA, such as Al0 (E◦: −1.66 V), Zn0 (E◦: −0.76 V) or Fe0 (E◦: −0.41 V)
(Reaction Equation (6)).

3Cu2+ + 2Al0 → 3Cu0↓ + 2Al3+ (6)

The addition of H2O2 to the FLUWA process oxidizes most of the metallic components
in FA, resulting in more noble metals such as Cu and Pb being retained in solution and
thus recovered (Reaction Equation (7)).

2Al0 + 3H2O2 + 6H+ → 2Al3+ + 6H2O (7)

The recoveries for Cu and Pb are further strongly dependent on the pH value during
the leaching process. The time-resolved monitoring of the process conditions in reactor
3 have shown that in a continuous process, the L/S-ratio significantly influences process
stability (Figure 3). This is by enhancing or diminishing the effects of naturally occurring
fluctuations in both FA and acid scrub water compositions [2]. The FA as well as the scrub
water composition depend strongly on the waste input as well as the type and condition of
the flue gas cleaning system or dust removal system. They show large variations over time,
even in one MSWI plant. In addition to varying heavy metal concentrations, FA also differ
in terms of their alkalinity. The carbonate present in the FA thereby buffers the pH of the
suspension to >5, which promotes hydroxide precipitation of the metals dissolved from the
FA [21]. In order to keep the extracted metals in solution, the pH in the leaching reactors
usually has to be lowered with additional HCl (32%). The amount of acid required to reach
a certain pH during the FLUWA process varies depending on the FA extracted. The lower
the L/S-ratio, the more difficult it is to maintain a constant pH value. With a pH value of
≤3.8 at the end of the FLUWA process, the hydroxide precipitation of most metals can be
kept at a satisfactorily low level. The hydroxide precipitation can be well demonstrated by
laboratory-scale experiments (Figure 2). An increase in pH value of 0.7 units between a
value of 3.8 and 4.5 led to lower recoveries of Pb and Cu. Cu begins to precipitate as copper
hydroxide (or basic copper salts) at a pH of 4.0–4.5 and thus accumulates in the leached
filter cake (Reaction Equation (8)) [22].

Cu2+ + 2OH− → Cu(OH)2↓ (8)

In addition to hydroxide precipitation, Pb can also form poorly soluble sulfates and
hence be removed from the leachate by lead-sulfate precipitation [22]. The sulfate supplied
by the scrub water does mainly precipitate as gypsum. If the sulfate load in the scrub water
exceeds the Ca available from the FA, Pb can form lead sulfate and hence precipitates. This
problem can be somewhat alleviated as lead has the ability to form chloride complexes,
which in turn are relatively soluble [23]. Alternatively, the scrub water could be treated
with a Ca containing reagent in order to reduce the sulfate load before the leaching. As the
pH value strongly affects whether the extracted metals re-precipitate and are thus lost, it is
important that the pH value of the leachate is closely monitored.

4.2. Comparability Between Laboratory-and Industrial-Scale Experiments

An important aspect of the present project was to verify the transferability of the
FLUWA process parameters determined by laboratory-scale experiments to operational
practice. Generally, there is a good agreement between the laboratory-scale and the corre-
sponding industrial-scale experiments (Figure 4). Therefore, laboratory-scale experiments
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are appropriate to simulate the large-scale FLUWA process. Operating parameters deter-
mined in the laboratory for optimal recoveries of heavy metals could further be imple-
mented on a large-scale. In the laboratory, the variation of the L/S-ratio had only a small
influence on heavy metal recoveries because there, the complication of temporal change
of FA composition present at the industrial scale is omitted. Cu, reacting most sensitive
to slight pH value and redox condition changes, is however more challenging to reliably
extract on the industrial-scale in comparison to the laboratory-scale leaching. This can be
explained by the fact that the pH value in the laboratory reactor can be controlled more
precisely than during continuous, large-scale operation.

5. Conclusions

This work has confirmed the importance of a stable process control of the FLUWA in
order to achieve a high metal recovery. This is particularly important for the recovery of pH-
and redox-sensitive elements such as Cu and Pb. Important parameters for a high metal
recovery are the use of a suitable oxidizing agent (e.g., hydrogen peroxide) and precise
pH control to assure maintenance of a final pH ≤ 3.8 to avoid metal precipitation. Stable
process control can be achieved through good mixing of FA as well as elevated L/S-ratio.
The optimal leaching parameters have to be determined and adjusted periodically. FLUWA
process parameters for one MSWI plant cannot directly be applied to another plant and
must be evaluated in laboratory-scale experiments for each specific FLUWA process. With
this study it could be successfully demonstrated that this transferability of laboratory-scale
experiments into the operational practice is possible.
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Abstract: In Switzerland, waste wood fly ash (WWFA) must be treated before deposition on landfills
due to its high pollutant load (Cr(VI) and heavy metals). Acid fly ash leaching, the process used
for heavy metal recovery from municipal solid waste incineration fly ash (MSWIFA), represents a
possible treatment for heavy metal depletion and Cr(VI) reduction in WWFA. The co-processing of
WWFA with MSWIFA during acid fly ash leaching was investigated in laboratory- and industrial-
scale experiments with different setups. Of interest were the effects on heavy metal recovery efficiency,
the successful outcome of Cr(VI) reduction and consumption of neutralizing chemicals (HCl, H2O2).
Detailed chemical and mineralogical characterization of two WWFA types and MSWIFA showed
that MSWIFA has higher concentrations in potentially harmful elements than WWFA. However, both
WWFA types showed high concentrations in Pb and Cr(VI), and therefore need treatment prior to
deposition. Depending on the waste wood proportion and quality, WWFA showed chemical and
mineralogical differences that affect leaching behavior. In all experimental setups, successful Cr(VI)
reduction was achieved. However, WWFA showed higher consumption of HCl and H2O2, the latter
resulting in a particularly negative effect on the recovery of Pb and Cu. Thus, co-processing of smaller
WWFA portions could be expedient in order to diminish the negative effects of Pb and Cu recovery.

Keywords: wood ash treatment; MSWI fly ash; heavy metal recovery; acid leaching; chromate
reduction; hot alkaline extraction

1. Introduction

The demand for renewable heat and energy production using the CO2 neutral energy
source wood has been growing enormously in Switzerland over the last decades—leading
to strongly increasing amounts of wood ashes. In Switzerland, an annual load of 60,000 t
wood ash arises from automatic firings through the energetic use of natural wood (e.g.,
forest) and from the thermal utilization of waste wood (e.g., coated, painted wood) [1].
A quarter thereof represents wood ash from waste wood enriched in heavy metals and
Cr(VI). Depending on the incinerator plant and furnace, wood ash can be divided into up
to three different fractions: grate ash, cyclone ash and filter ash [2]. The coarse-grained
grate ash arises directly from the grate and is equivalent to bottom ash residing from
municipal solid waste incineration (MSWI). This is the biggest fraction with roughly
60–90 wt % of the thermal residue [2]. The cyclone ash and the filter ash arise at the flue
gas cleaning system and are often collected together and referred to as wood fly ash.
Compared to grate ash, wood fly ash is enriched in volatile elements (e.g., Cl, heavy
metals) since their low boiling point makes them evaporate during combustion and later
precipitate at the flue gas cleaning system [3]. The chemical composition of wood ash is
mainly dependent on wood quality and incineration conditions [3,4]. Factors affecting
wood quality are wood type, compartment, growing environment and possible treatments
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(e.g., impregnation) prior to combustion [3,5]. While wood ash from natural wood may
be enriched in organic pollutants (e.g., PAH, PCDD-/F [6]) and can contain naturally
incorporated heavy metals in elevated concentrations, the contaminated waste wood ash
is mostly characterized by highly elevated heavy metal concentrations (e.g., Zn, Pb, Cu,
Cr) remaining from paints, coatings or impregnation [7]. Due to the oxidative conditions
during combustion, Cr(III) compounds are mainly oxidized to very toxic and highly
mobile Cr(VI) [8]. Thermal residues from waste wood which have been impregnated with
Cr-bearing compounds are often severely enriched in Cr(VI). In water extraction tests,
studies report Cr(VI) concentrations in waste wood ash that exceed the threshold value for
landfilling [8,9].

Because of the possibly high contaminant load, wood ash is considered as waste and
must be dumped on landfills, although opportunities for recycling are being sought (e.g., in
concrete production [10]). The less polluted grate ash and fly ash from natural wood can be
deposited without further treatment on landfill type D and E, according to the Swiss Waste
Ordinance [11]. Waste wood fly ash (WWFA), however, must be treated before deposition
due to the elevated concentrations in Cr(VI) and possibly environmentally harmful heavy
metals. As there is currently not enough capacity available in Cr(VI) reducing facilities
in Switzerland to treat the entire quantity of WWFA before landfilling, waste wood fly
ashes can be deposited temporarily without a prior treatment on landfill type D or E
(depending on their total organic carbon (TOC) content (<2 or <5 wt %, respectively)
until 2023. From 2023 on, WWFA must be treated in order to reduce Cr(VI) and recover
the heavy metals. Acid fly ash leaching with the FLUWA process [12,13] represents a
promising method for treating WWFA prior to deposition. The FLUWA process represents
the state-of-the-art process in Switzerland for recovering heavy metals (mainly Zn, Cd,
Pb, Cu) from the similarly generated MSWI fly ash (MSWIFA). The ash is thereby leached
with acid scrub water, acid from the flue gas cleaning system (~5% HCl). Filtration of the
ash slurry yields a heavy metal enriched leachate that is then precipitated to a hydroxide
sludge for subsequent heavy metal recovery and a filter cake depleted in heavy metals
that is deposited on landfills. Because WWFA can yield heavy metal concentrations in the
same range as MSWIFA, but occur in smaller quantities, a cotreatment of both ashes could
be expedient. Beginning 2021, all Swiss MSWIFA must be treated before deposition [11]
and depending on the heavy metal recovery guideline in revision, the use of an oxidant
(e.g., hydrogen peroxide (H2O2)) will be necessary during the FLUWA process. Oxidizing
conditions during metal extraction are a prerequisite to suppress the reductive precipitation
of the redox-sensitive elements Cu, Pb, and to a minor extent, Cd. The co-processing of
WWFA in the FLUWA process is already carried out at this study’s investigation site
Energiezentrale Bern, where it is economically favorable to co-process the arising WWFA40,
a WWFA with 40% waste wood content. However, the heavy metal extraction efficiency of
cotreating WWFA40 and the completeness of Cr(VI) reduction during the FLUWA process
have not been investigated in detail.

The aim of the study was, therefore, to investigate the heavy metal recovery, as well as
the Cr(VI) reduction efficiency of the FLUWA process when WWFA40 is co-processed. The
actual state was investigated (reducing conditions) as well as the future state (oxidizing
conditions) when oxidizing conditions become state-of-the-art for the FLUWA process. The
industrial process was first simulated in laboratory-scale experiments in order to evaluate
the leaching behavior of the different ash types (MSWIFA, WWFA40 and MFA (a mix of the
two ashes to simulate the co-processing)) and to quantify the leaching efficiency in terms
of heavy metal recovery and amount of neutralizing chemicals. The same experimental
setups were later implemented at an industrial scale. Of special interest of the experiments
was the heavy metal recovery efficiency, successful outcome of Cr(VI) reduction under
reducing and oxidizing processing conditions and consumption of neutralizing chemicals
(HCl, H2O2). The ashes used in the experiment were characterized with respect to their
chemical and mineralogical composition, and their acid-neutralizing capacity (ANC) was
determined. For comparison, the sample WWFA100 with 100% waste wood content was
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analyzed. To assess both the hazard potential of WWFA and the completeness of Cr(VI)
reduction, the water-soluble and total content of Cr(VI) were determined for WWFA and
filter cakes.

2. Materials and Methods

2.1. Sample Origin, Sampling and Sample Preparation

MSWIFA and WWFA40 samples were collected in 2017 at the waste and wood power
plant Energiezentrale Bern. An annual amount of 135,000 t municipal solid waste and
65,000 t of wood (25% water content, fluidized-bed combustion) was incinerated in separate
incinerators in 2017. MSW and wood are combusted separately but treated together prior
to landfilling with the FLUWA process in two consecutive extraction reactors (1 m3 each).
The co-processing of WWFA40 in the FLUWA is economically favorable since excess acidity
of their scrub water is consumed by the alkalinity of the WWFA40, and the use of lime
milk is minimized. At present, the FLUWA process at the incineration plant is performed
under reducing conditions (without the addition of H2O2) with MSWIFA and WWFA40
proportions in the ratio as they are produced. Adjustments of the ash ratio are made in the
current process such that a favorable extraction pH of 3.8 is achieved. To perform industrial
experiments at oxidizing conditions, a pumping system was installed for continuous dosing
of H2O2.

In order to understand the geochemical differences between MSWIFA and WWFA40,
three representative composite samples of each ash type were investigated in terms of
chemical and mineralogical composition. The sampling duration varied between one
and three weeks. Samples were taken twice a day and mixed into composite samples.
Additionally, three samples of WWFA40 (weekly composite samples) and their correspond-
ing filter cakes were made available for Cr(VI) analyses. For comparison, the sample
WWFA100 (100% waste wood, monthly composite sample) from a Swiss biomass power
plant was investigated.

Approximately 10 kg of ash was collected in each sampling campaign. The ashes were
homogenized and split into 1 kg working batches and dried at 105 ◦C until constant weight
for chemical analysis and at 40 ◦C for mineralogical analysis.

2.2. Chemical Analysis

The elemental composition of the ashes was obtained through energy-dispersive X-ray
fluorescence (ED-XRF) analysis performed on pressed powder pellets (4.0 g ash, 0.9 g
wax as a binder) using a Spectron Xepos (SPECTRO, Kleve, Germany) spectrometer with
matrix adjusted calibration. For quality control, the samples were analyzed in duplicates.
The accuracy of the method was previously verified by the authors [14] through multiple
determinations of similar ash samples and the analysis of the standard reference material
BCR 176R [15]. The ED-XRF measurements showed good reproducibility within <2% for
the elements Cu, Zn, Cd, Sb, Pb, Br, Sn, Ba, within 5% for Al, Si, S, Cl, Ca, Ti, Mn, Fe, Cr, Sr
and within <10% for K, Na, Mg. Extract solutions were analyzed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) on a Thermo Scientific iCAP 700 Series
(Waltham, MA, USA) after dilution with HNO3 1% and calibrated with the multielement
standards CertiPUR IV and X (Merck, Kenilworth, NJ, USA). The analytical error accounts
for ±5% for all elements except Na, K, Ca, Sb and S that showed ±10% error based on
multiple measurements of certified standard solutions.

2.3. Mineralogical Analysis

The mineralogical composition was obtained throughout X-ray powder diffraction
(XRD) analysis using a Panalytical X’Pert Pro diffractometer (CuKα-radiation) (Malvern
Panalytical, Almelo, Netherlands). 4 g of material was mixed with 1 g of internal standard
(corundum) and ground dry for 6 min at 55 Hz in an XRD McCrone mill from Retsch
(Haan, Germany). Measurement was performed on disoriented samples from 5 to 75◦
2Theta at 40 kV acceleration voltage and at an electron generating current of 40 mA. An

229



Processes 2021, 9, 146

automatic divergence slit was used. For quantification, TOPAS-Academic software (V6,
Coelho Software, Brisbane, Australia) was used (Rietveld refinement). The extended
uncertainty is attributed to 50% for concentrations <1%, 20% for concentrations <5% and
10% to concentrations >5%. The structural data (*.cif files) of the inorganic crystal structure
database (ICSD) was used, and phase concentrations and amorphous part were calculated
based on the internal standard.

2.4. Acid-Neutralizing Capacity

Acid-neutralizing capacity (ANC) titration was performed using a 785 DPM Titrino
device from Metrohm (Herisau, Switzerland). with 2 g of ash 20 mL ultrapure water. Every
10 min, 1 mL of HCl 1 M was added under continuous stirring until the ash slurry reached
a pH of 2.

2.5. Water-Extractable Cr(VI)

The content of water-soluble Cr(VI) was determined in WWFA samples in order to
make statements about the hazard potential of WWFA. Furthermore, the content of water-
soluble Cr(VI) in the filter cakes was determined to examine the completeness of the Cr(VI)
reduction during the FLUWA process. Cr(VI) analyses were performed on the eluates
obtained with the standard eluate test F-22 [16]. The ash and filter cake samples were
thereby eluted with ultrapure water for 24 h at a liquid to solid (L/S) ratio of 10 (4 g ash,
40 mL ultrapure water). For quality control, as well as to investigate transformations in
the redox state during the eluate test, Cr(III) and Cr(VI) spikes were added, and the eluate
test was performed two times per sample, each spiked and unspiked. Selected samples
were further eluted as duplicates. For the spiking, the concentration of 50 mg/kg Cr(III) in
the form of CrNO3·9H2O and 10 mg/L CrO4

2− for the Cr(VI) spike were added for the
eluate test. The comparison of the Cr(VI) concentrations of the two eluates per sample
allowed calculating the recovery of the spike. The water-extractable Cr(VI) content in the
eluates was determined spectrophotometrically with a Merck Spectroquant Pharo 100 after
complexation with diphenylcarbazide (DPC) at an absorption maximum of 540 nm. For
complexation, a Spectroquant chromate test set (Merck, No 1.14758, Darmstadt, Germany)
was used. No determination of Cr(VI) in the FLUWA leachate was performed as the Cr
concentration in the leachates were below the detection limit in all samples.

2.6. Total Cr(VI)

For a more comprehensive assessment of the hazard potential of Cr(VI), the total
content of Cr(VI) was determined for two WWFA samples (WWFA40_2 and WWFA100).
Total Cr(VI) extraction on WWFA was performed on duplicates by hot alkaline extraction
(method 3060A [17]). For quality control, the standard reference material NIST 2701 [18]
was analyzed for total Cr(VI) content, and the determined value was within the given
uncertainty. The accuracy of the method on similar materials was previously verified [19]
by the authors, and reproducibility within 10% was attributed to the method based on spike
recoveries and multiple measurements of the standard reference material [20]. Analysis of
Cr(VI) concentration in the extract solutions was performed with ICP-OES after the use
of CHROMAFIX PS-H+ cation exchange cartridges (Macherey–Nagel, Düren, Germany)
in order to retain Cr(III). The effectiveness of the cartridges on similar extract solutions
was tested in previous studies [19]. In order to investigate Cr redox transitions during
extraction, a parallel extraction with Cr(VI) spiking was performed for each sample by
adding a concentration of 100 mg/kg PbCrO4.

2.7. Laboratory Experiments

In order to investigate the effects of co-processing WWFA40 in the FLUWA process, the
process was simulated on a laboratory-scale at conditions feasible on an industrial-scale. At
a laboratory-scale, mass balances can be quantified precisely, and process conditions (pH,
Eh) can more easily be controlled. Three different ash types were used for the experiment:

230



Processes 2021, 9, 146

MSWIFA (sample MSWIFA_2), WWFA40 (sample WWFA40_2) and MFA (the ash mix
of WWFA40_2 and MSWIFA_2, mixed at a ratio of 1:2, to simulate a cotreatment). Two
different experimental setups were performed at a laboratory-scale (Table 1): without
the use of H2O2 (30%) and with a concentration of 40 L H2O2/t ash, which represents
standard plant conditions. All experiments were performed two times in order to assure
reproducibility.

Table 1. Experimental setups for laboratory- and industrial-scale experiments.

Laboratory-Scale Industrial-Scale

Ash Type MSWIFA MFA WWFA40 MSWIFA MFA WWFA40

W
it

ho
ut

H
2O

2

Extraction pH 3.8 3.8 3.8 3.7–4.1 3.8–4.2 3.7–4.3

Leachate pH 4.8 4.8 5.4 3.8–4.4 4.0–4.5 4.2–4.8

Experiment duration (h) 1 1 1 8 4 5

40
L

H
2O

2/
ta

sh Extraction pH 2.5 2.5 2.5 3.3–3.8 3.5–4.2 -

Leachate pH 4.5 4.5 4.2 3.9–4.4 3.8–4.4 -

Experiment duration (h) 1 1 1 21 18 -

60
L

H
2O

2/
ta

sh Extraction pH - - - 3.5–3.8 3.7–4.3 -

Leachate pH - - - 3.8–4.3 3.8–4.5 -

Experiment duration (h) - - - 24 6 -

150 mL of artificial acid scrub water (HCl 5% with 25 g/L NaSO4) was heated in
a beaker glass to 40 ◦C before adding the ash (50 g, liquid to solid ratio L/S = 3). Due
to the exothermic reaction between the scrub water and the ash, the temperature rose
immediately to 60 ◦C. Under continuous stirring, the ash slurry reacted for 60 min at
55–60 ◦C. The pH and Eh values (Ag/AgCl) were recorded temperature-compensated. The
pH was controlled by adding HCl (32%). Before filtration, the pH was adjusted to a value
of 3.8 with NaOH (65%). The slurry was filtered with a vacuum filter device. 100 mL of
deionized water was used to wash the filter cake. For the experiments performed with
H2O2, a concentration of 40 L/t H2O2 was added by 10 consecutive portions (at a 3 min
interval) to the ash slurry in the first half of the experiment. The leachates were diluted
with HNO3 1% and further analyzed by ICP-OES. The filter cake was weighed and dried
at 105 ◦C until a constant mass was reached. The heavy metal recovery was determined
from mass balance calculations.

2.8. Industrial-Scale Experiments

Both the current state (reducing conditions) as well as the future state (oxidizing condi-
tions) were investigated at an industrial scale (Table 1). Each ash type (MSWIFA, WWFA40
and MFA (ratio WWFA40 to MSWIFA of 1:2.5)) was treated separately without the addition
of H2O2. Additionally, experiments with 40 and 60 L/t H2O2 (30%) (Merck, Darmstadt,
Germany) were performed for MSWIFA and MFA. At laboratory-scale experiments, it was
shown that WWFA40 required higher H2O2 dosages for oxidizing conditions to persist.
Therefore, industrial-scale experiments were also conducted with 60 L/t. The efficiency
of the cotreatment of WWFA40 and MSWIFA was compared to the scenarios where only
WWFA40 or MSWIFA was treated solely. It was found that the treatment of wood ash
solely is difficult at an industrial scale due to difficulties with filtration. Therefore, the
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industrial-experiments with WWFA40 solely were not carried out with H2O2 and the focus
was put on the cotreatment with MSWIFA.

The different experimental setups were performed at Energiezentrale Bern on different
days for time periods between 4 and 24 h. A calculated amount of H2O2 was added
continuously to the first extraction reactor. During each experiment, multiple samples (in
30- or 60-min intervals, depending on the experiment duration) were taken from the input
ash and from the filter cake and combined into composite samples. The pH and Eh were
monitored. An average L/S-ratio of 15 was calculated on annual mass flux balances since
flow measurement of the leachate is not implemented. The ash and filter cake samples
were dried at 105 ◦C and analyzed for their elemental composition with ED-XRF in order
to calculate the recovery.

3. Results

3.1. Chemical Composition

The main constituents of MSWIFA are Ca, Cl, Si, S, Na (>75,000 mg/kg, Table 2).
Zn, K, Al (>35,000 mg/kg) and Fe (>10,000 mg/kg) are subsidiary constituents. WWFA
differ in chemical composition from MSWIFA, and there are also chemical differences
between WWFA40 and WWFA100. WWFA generally shows higher Ca and Si concen-
trations (>100,000 mg/kg) than MSWIFA, followed by K, Al, Cl, S, Fe (>20,000 mg/kg).
Notable is the higher concentration in S and heavy metals (mainly Pb, Zn, Cu) in WWFA100
compared to WWFA40, the latter showing higher concentrations in matrix elements (Ca,
Si, K, Mg) in contrast. The concentrations of the main- and subsidiary constituents in
the three MSWIFA samples vary within 10–20%, but Cu shows variations by more than
30%. The variations in chemical composition are smaller for WWFA40 than for MSWIFA.
The element concentrations vary mostly within 10% between the three WWFA40 samples
(except for about 20% for Cr, Mn and Pb). MSWIFA shows strongly elevated concentrations
in the potentially harmful heavy metals Pb, Cu, Sb, Cd, some exceeding the threshold for
landfilling by multiple times (Pb) or orders of magnitude (Sb, Cd). WWFA shows consider-
ably lower Cd and Sb concentrations (lower by almost two and three orders of magnitude,
respectively) but shows strongly elevated Pb concentrations. In two samples of WWFA40,
Pb concentration is only 10% lower than in MSWIFA. In WWFA100, Pb concentrations
exceed those in MSWIFA by more than double. Zn and Cu concentrations in WWFA40 are
about one-third of the concentration in MSWIFA, and in WWFA100, about half. In contrast,
WWFA shows higher concentrations in Ba, Cr, Fe, Mn and Ti concentrations than MSWIFA.
WWFA100 further shows a very high TOC content of 74,400 mg/kg—which exceeds the
threshold value for landfilling.

3.2. Mineralogical Composition

The difference in chemical composition between MSWIFA and WWFA is also repre-
sented by a different mineralogical composition (Table 3). As a result of the high Cl content,
Cl salts such as halite, sylvite and the Zn bearing K2ZnCl4 are important phases in MSWIFA.
Anhydrite represents another main phase, together with several silicates (e.g., gehlenite)
and calcite. The main mineralogical differences between WWFA40 and WWFA100 are in
calcite and anhydrite content. WWFA40 show very high calcite concentrations (17–28 wt %)
and high concentration in quartz (7–10 wt %). Sylvite, periclase and Ca-, Al-, Na- silicates
form minor components in WWFA40. WWFA100 shows calcite, gehlenite, anhydrite and
magnesite as main phases (>7 wt %), followed by minor concentrations in quartz and Ca-,
Al-, Na- silicates. The presence of amorphous phases is clearly visible in all spectra by a
bump in the background between 20 and 40◦ 2Theta and was calculated to make 35–50%
of the total content.
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Table 2. Elemental composition of the analyzed municipal solid waste fly ash (MSWIFA) and waste wood fly ash types
WWFA40 and WWFA100, determined by energy-dispersive X-ray fluorescence (ED-XRF).

MSWIFA WWFA40 WWFA100

mg/kg mg/kg mg/kg

MSWIFA_1 MSWIFA_2 MSWIFA_3 WWFA40_1 WWFA40_2 WWFA40_3 WWFA100

Al 39,315 45,558 37,210 46,912 44,985 42,520 32,200
Ba 1928 1996 1679 5091 4681 5107 5370
Ca 165,984 170,617 163,200 288,884 285,400 307,600 235,650
Cd 277 248 311 26 23 28 71
Cl 82,120 85,100 114,500 31,140 32,800 32,530 36,050
Cr 360 350 323 582 597 443 1221
Cu 2131 3411 1771 602 683 581 1131
Fe 18,930 20,123 12,980 22,562 22,350 20,890 26,265
K 52,045 46,290 60,030 61,974 71,182 70,050 41,475

Mg 2529 3024 901 20,685 20,218 20,390 11,075
Mn 820 811 876 4274 5327 4296 4856
Na 75,190 76,720 91,410 6905 7590 7940 8485
Ni 94 92 74 95 91 96 76
P 4774 4531 4485 9383 8730 9107 3798

Pb 8143 8688 8204 7876 7590 5152 21,015
S 80,762 70,840 72,500 25,845 25,042 29,250 65,215

Sb 3150 3533 2988 <3 <3 <3 22
Si 101,232 107,883 86,750 144,334 148,950 126,300 129,000
Ti 11,712 11,472 8606 n.a. n.a. n.a. 16,535
Zn 44,607 39,810 39,570 12,569 13,047 13,330 21,550

TOC 5190 5750 6010 10,150 17,043 12,030 74,400

Table 3. Mineralogical composition of the analyzed MSWIFA, WWFA40 and WWFA100, determined by XRD.

MSWIFA WWFA40 WWFA100

wt % wt % wt %

Phases Formula MSWIFA_1 MSWIFA_2 MSWIFA_3 WWFA40_1 WWFA40_2 WWFA40_3 WWFA100

Chlorides
Halite NaCl 9 - 14 <1 <1 1 1
Sylvite KCl 3 3 5 4 4 5 -

K2ZnCl4 K2ZnCl4 4 3 3 - - - -

Sulfates
Anhydrite CaSO4 10 10 11 - - - 8

Silicates
Quartz SiO2 3 2 2 10 10 7 5

Gehlenite Ca2Al(AlSi)O7 7 5 3 4 2 4 9
Alpha belite Ca2SiO4 4 3 - 5 5 3 3

Albite NaAlSi3O8 4 3 3 5 3 5 2
Sanidine KAlSi3O8 - - - - - - 5

Microcline KAlSi3O8 3 4 2 - - - -

Carbonates
Calcite CaCO3 5 6 6 17 28 20 8

Magnesite MgCO3 <1 2 1 - - - 7
Ankerite CaFeCO3 - - - - 1 - -

Oxides
Lime CaO - - - 2 - 4 -

Hematite Fe2O3 <1 1 - 1 <1 <1 1
Rutile TiO2 - - - 2 1 3 1

Periclase MgO 1 - - 3 4 3 -
Mayenite Ca12Al14O33 2 2 3 - - - -
Perovskite CaTiO3 2 2 2 - - - -

Phosphates
Monetite CaHPO4 5 4 3 5 6 5 2

Amorphous 37 41 43 42 35 39 49
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3.3. Acid-Neutralizing Capacity

Acid-neutralizing capacity (ANC) is similar for ashes of the same type but shows
differences between the ash types (Figure 1). The amount mol H+ needed to reach an
optimal extraction pH of 3 varies within 10% and 5%, respectively, for MSWIFA and
WWFA40. On average, MSWIFA consumed 4.7 mol H+, WWFA100 6.2 mol H+, and
WWFA40 with 8.9 mol, almost double the amount of H+ to reach a pH of 3. The titration
curve of WWFA40 is characterized by a small plateau at pH 12.7 and a big plateau at pH
7. Although WWFA100 shows a similarly high initial pH as WWFA40, the ANC titration
curve resembles more that of MSWIFA than that of WWFA40, as the plateau starting at
pH 7 is less pronounced. The pH starts dropping rapidly from an initial value of 12.7 to
pH 7, where calcite buffering starts. For MSWIFA, the initial pH of the titration curve
is lower (pH 11.5) and drops rapidly towards pH 5—where an almost linear decrease in
pH initiates.

Figure 1. Titration curves of acid-neutralizing capacity (ANC) for MSWIFA, WWFA40 and WWFA100.
The samples used for the leaching experiments are indicated with *.

3.4. Water-Extractable and Total Cr(VI)

Multiple determination of the water-soluble Cr(VI) concentration of the samples
revealed reproducibility within 10%. The Cr(III) spike was fully retained during all eluate
tests, which proves that no oxidation of Cr(III) occurred. The Cr(VI) spike was fully retained
during the majority of the eluate tests. In the experiments where the Cr(VI) spike was not
fully retained, redox transformations leading to the reduction of Cr(VI) occurred (indicated
with * in Table 4).

Table 4. Water-extractable Cr(VI) and total Cr(VI) concentrations of WWFA and the filter cakes of WWFA40. Cr(VI)
concentrations indicated with * are from extractions with poor Cr(VI) spike recoveries (<2%), implying erroneously low
values. Where not indicated, the Cr(VI) spike was fully retained.

WWFA40 WWFA100

mg/kg mg/kg

WWFA40_1 WWFA40_2 WWFA40_3 WWFA40_4 WWFA40_5 WWFA40_6 WWFA100

Water-extractable Cr(VI) 58 117 95 83 96 110 1 *
Water-extractable Cr(VI)

of filter cake - <0.05 - <0.05 <0.05 0.22 -

Total Cr(VI) - 1 * - - - - 87

All eluates of the 6 analyzed WWFA40 samples showed water-extractable Cr(VI)
concentrations that exceed the threshold limit for landfilling (0.5 mg/kg) by more than
two orders of magnitude. The water-extractable Cr(VI) content made up for 10–20%
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of the Cr concentration in WWFA40. For WWFA100, the determined water-extractable
Cr(VI) concentration was as low as 1 mg/kg. Since the Cr(VI) spike recovery was only
2% for WWFA100, this implies that a major part of the sample’s native Cr(VI) also has
been reduced. All six analyzed filter cakes from WWFA40, including all filter cakes from
the experiments performed in this study, showed Cr(VI) concentrations below the given
threshold for landfilling, independent of the applied scale (laboratory or industrial) and
the redox conditions.

For the hot alkaline extraction of sample WWFA40_2, none of the Cr(VI) spike was
recovered, in neither of the duplicates. The total Cr(VI) concentration was expected to
be similar or higher to the measured water-extractable Cr(VI) concentration. Instead,
a concentration of 1 mg/kg was measured. For WWFA100, Cr(VI) spike recovery was
80% in the hot alkaline extraction and the measured total Cr(VI) concentration 87 mg/kg.
The results of the double determination agreed within 3%. It is assumed that matrix
interferences occurred during the hot alkaline extraction of the sample WWFA40_2 (and to
a minor extent in sample WWFA100), leading to a strong diminution in Cr(VI) concentration.
This might have been favored by the strongly reducing conditions during the hot alkaline
extraction with WWFA40_2.

3.5. Laboratory-Scale Leaching Experiments

The heavy metal recovery achieved for the two different experimental setups is shown
in Figure 2. The reproducibility of the experiments performed in duplicates was very good
(within 5–10%). Only for Cu, the reproducibility was within 20% since the solubility of
Cu is strongly pH-dependent, and a small increase in the filtrate pH value can enhance
precipitation of Cu hydroxides [21]. Given the attributed uncertainty of 10%, Zn recovery
can be considered equal for MSWIFA and MFA, whereas it was lower by 30% for WWFA40.
This lower yield is associated with a high leachate pH of 5.4, which assumedly led to Zn
precipitation. For Cd, recovery is 40% lower for MFA compared to MSWIFA, whereas no
Cd was recovered from WWFA40. No Pb and Cu were mobilized for any of the ash types
without the use of H2O2.

Figure 2. Heavy metal recovery in % for the target heavy metals Zn, Cd, Pb, Cu for the 3 different
ash types in laboratory experiments. The pH of the leachate is indicated in the bar for Zn recovery.
(a) recovery without the use of H2O2 (b) recovery for experiments with 40 L/t H2O2.

When a quantity of 40 L/t H2O2 was used, Zn recovery did not change. The recovery
for Cd could almost be doubled from MSWIFA, and it was achieved to recover Pb (53%)
and Cu (38%). This significantly higher recovery for Pb and Cu (and to a minor extent Cd)
when using H2O2 was observed in previous studies [14]. The recovery for MFA is equal
(within the uncertainty) to that of MSWIFA for Zn and Cd. For Pb, recovery is lower by
25%, and almost no Cu was mobilized during the experiment. For WWFA40, the same
recovery for Zn was achieved as for the other ash types, but any of the other heavy metals
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could be recovered. In the experiment with H2O2, the amount of HCl 32% needed to keep
extraction pH at a level of 2.5 was twice as high for MFA compared to the experiments with
MSWIFA (17 vs. 9 mL, respectively), and the amount needed for WWFA40 was 33 mL.

The ashes showed a strong redox buffer, visible by the subsequent drop in redox
potential after each H2O2 dosage (Figure 3). For MSWIFA, the redox potential dropped
to strongly negative values shortly after the H2O2 dosage, whereas for WWFA40, Eh was
still positive before the next H2O2 dosage. Thus, H2O2 consumption seemed to be slower.
However, the amount of H2O2 added was not enough to maintain oxidative conditions
over the entire extraction time for MFA and WWFA40. Only for MSWIFA, it was possible
to maintain a stable positive redox potential over the entire experiment with 40 L/t H2O2.

Figure 3. Evolution of redox potential (Eh) during laboratory experiment with H2O2. Left: Eh before
and after each dose of H2O2 (indicated with *). Right: evolution of Eh after the last H2O2 dosage.

3.6. Industrial-Scale Leaching Experiments

Taking into account the attributed uncertainty of 10%, the recovery for Zn was the
same for the three ash types independent of the amount of H2O2 added. The recovery for
Cd reflected the trends observed from the laboratory experiments: a lower Cd recovery
by one-third for MFA and a negligible Cd recovery for WWFA40. As already observed
in the laboratory experiments, the recovery for Pb and Cu was negligible without H2O2
(Figure 4a). With 40 L/t H2O2, 55% of Pb and 16% of Cu could be mobilized from MSWIFA,
but only 12% Pb and 3% Cu from MFA (Figure 4b). The recovery of both Pb and Cu was
thus significantly lower for MFA compared to MSWIFA.

Figure 4. Recovery for the industrial-scale experiments (a) without and (b) with H2O2 (40 and
60 L/t H2O2). The pH of the leachate is indicated in the bar for Zn recovery. The industrial-scale
experiments with H2O2 were not performed for WWFA40.
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With the higher dosage of 60 L/t H2O2, a higher Cd fluctuation in recovery could be
observed, but considering the attributed uncertainty of 10%, the recoveries were compa-
rable for the two ash types. For Pb recovery, a strong increase by a factor of three could
be observed for MFA, whereas Pb recovery did not increase with the higher dosage for
MSWIFA. A clear increase in Cu mobilization could be observed for both ash types, which
resulted in recoveries 2.5 and 6 times higher than with 40 L, respectively. Table 5 lists
the heavy metal concentrations of the ashes investigated in the industrial-scale leaching
experiments. Considerable differences in heavy metal concentrations could be observed,
which must be taken into account when comparing the recoveries.

Table 5. Heavy metal concentrations of the different ashes investigated in industrial-scale leaching
experiments. The concentrations for the experiments with 40 and 60 L/t H2O2 are indicated with *
and **, respectively.

Experiment without H2O2 Experiments with H2O2

mg/kg mg/kg

Zn Cd Pb Cu Zn Cd Pb Cu

MSWIFA 44,710 220 6070 1360
43,700 260 10,700 2500 *

57,350 320 12,910 3090 **

MFA 31,950 170 6760 2010
31,330 190 6460 1970 *

31,830 160 5710 1770 **

WWFA40 13,890 30 5520 630 - - - -

4. Discussion

4.1. Chemical and Mineralogical Differences and its Effects on Acid-Neutralizing Capacity

The chemical and mineralogical characterization showed considerable differences
between the ash types. As the difference in matrix elements, WWFA showed significantly
higher Ca and Si contents and significantly lower concentrations in Cl than MSWIFA.
Within WWFA, chemical differences were also observed, depending on the waste wood
content. The S content, for example, was as high as in MSWIFA for WWFA100, but less
than half the concentration in WWFA40. The fluctuations in the elemental composition
of MSWIFA are attributed to the compositional differences in waste input. Remarkable
is the constant chemical and mineralogical composition between the different WWFA40
samples, as waste wood is also a very heterogeneous feedstock [22]. This could be an effect
of the low waste wood content in WWFA40. The significantly higher Cl concentration in
MSWIFA is associated with the combustion of plastics (PVC). It is known that elevated Cl
concentrations in the flue gas favor the evaporation and transport of heavy metals (e.g.,
Cd, Cu, Pb, Zn, Sb [23–25]), and elevated heavy metal concentrations in MSWIFA have
been observed by many authors (e.g., [15,26]). The high concentrations of these hazardous
metals in MSWIFA are associated with the combustion of, e.g., batteries, paints, alloys,
plastics [27]. The high Sb concentrations in MSWIFA are problematic due to their high
toxicity (especially of the trivalent species [28]). Antimony is not soluble at the low pH
conditions prevailing in the FLUWA process and accumulates in the filter cake. To fully
assess the hazard potential of Sb and to evaluate Sb mobilization during the FLUWA
process, additional studies are in progress. The high Pb and Cr(VI) concentrations in
WWFA are problematic and justify the need for treatment prior to deposition. WWFA100,
the WWFA with higher waste wood content, showed significantly higher heavy metal
concentrations, which reflects findings made in previous studies on WWFA (e.g., [22]). The
elevated Pb and Zn concentration in WWFA is probably due to pigments (e.g., PbCO3,
ZnO) from paints and coatings, whereas the high Cu content in WWFA could arise from
the combustion of pickled wood products [29].

During combustion, alkali- and alkaline earth metals in the wood transform to oxides
and are subject to successive hydrogenation and carbonation during cooling [30], which
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could explain the high calcite content in WWFA40. The high Si content stands in relation to
the usage of quartz sand as bed material during fluidized bed combustion [10]. In the pres-
ence of SO2 and O2, CaO often forms sulfate compounds (e.g., anhydrite) [31], as present
in WWFA100. WWFA100 further showed higher TOC content (associated with incomplete
combustion [32]) and different matrix composition (e.g., less calcite, more sulfates) than
WWFA40, the latter affecting ANC. The high ANC of WWFA40 can be explained by the
very high calcite content and dissolution of Ca-silicates (e.g., gehlenite, belite). The high
initial pH of all the three ash types suggests the presence of non- or microcrystalline CaO
or Ca(OH)2 since no CaO or lime was identified in all ashes. WWFA100 and MSWIFA
both showed poorly acid buffering sulfates and chlorides as main constituents, which
explains the lower amount of H+ needed to reach the acid conditions required for the
FLUWA process.

Thus, although WWFA showed different chemical and mineralogical characteristics
than MSWIFA, there are also different geochemical properties within WWFA, depending
on their waste wood content and certainly also depending on differences in the waste wood
composition.

4.2. Water-Extractable and Total Cr(VI) in WWFA and Filter Cakes

The measured average water-extractable Cr(VI) concentration of 93 mg/kg in WWFA40
justifies the strong need for Cr(VI) reduction prior to landfilling. The treatment of WWFA40
with the FLUWA process successfully reduced water-soluble Cr(VI). All analyzed filter
cakes showed Cr(VI) concentrations below the threshold limit for landfilling, even when
the experiments were performed under oxidizing conditions with H2O2. It was shown that
acidic conditions are sufficient to dominate the reduction of water-extractable Cr(VI), as
also observed in other studies [33]. It was also reported that H2O2 could act as a reductant
in acidic solutions [34]. It is assumed that the water-soluble Cr(VI) is being reduced to
Cr(III) during the FLUWA process, followed by precipitation as Cr(III) phase, probably as
hydroxide. This is supported by the absence of dissolved Cr in the filtrate. Unfortunately,
no Cr phases could be identified with XRD as the concentrations are very low and the
precipitated phases possibly amorphous. It was further shown that the high Cr(VI) concen-
trations in the eluates were not caused by the oxidation of Cr(III) during the eluate test.
However, Cr(VI) reduction occurred during the eluate test for WWFA100 due to its highly
reductive character—leading to erroneously low water-extractable Cr(VI) concentrations.
Similar matrix interferences occurred during the hot alkaline extraction for WWFA40.
These observations show that spiking during Cr(VI) extraction tests with reactive material
such as WWFA is indispensable. Poor Cr(VI) spike recovery is not indicative of method
failure, but rather an indication for the potential of the sample to reduce the spiked Cr(VI)
and not sustain its native Cr(VI) [35]. They further report that the presence of high TOC
contents, as well as considerable S2− or Fe2+ concentrations in the sample, are most likely
the reason for low Cr(VI) spike recovery or reduction of native Cr(VI). Although oxida-
tive conditions prevail during combustion, it cannot be excluded that locally reducing
conditions occur, where Fe2+ and S2− persist. While no mineral phases containing Fe2+

and S2− were observed, their presence in minor concentrations cannot be excluded. For
further interpretation, a more detailed investigation on possible reductants other than Corg
in WWFA must be performed, with special focus on the content of Fe2+ and S2−.

4.3. Leaching Experiments: Heavy Metal Recovery and Consumption of Neutralizing Chemicals

The laboratory-scale experiments were able to predict well the recovery trends of the
industrial-scale. Differences in the recoveries between laboratory- and industrial-scale are
primarily attributed to differences in pH and to element contents of the ash, as well as
to a larger L/S in the industrial scale, which will increase the recovery. For WWFA40, a
higher H2O2 dosage was needed to achieve oxidizing conditions during extraction. This
could be caused due to the high content in organic matter or the presence of metals in their
metallic form—leading to rapid consumption or even catalytic destruction of the added
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H2O2. The high ANC of WWFA40 led to higher acid consumption in the FLUWA compared
to MSWIFA (3× higher). Thus, WWFA40 can represent a heavy metal-rich replacement
for the often-used pH neutralizing agent lime milk. The high acid consumption is even
more pronounced when H2O2 is used, since the oxidation of, e.g., metallic compounds
consumes H+.

For the element Zn, recovery was equally high for the different ash types independent
of the H2O2 dosage, as Zn mobility is independent of the redox conditions during extraction
but controlled by pH and binding form [36]. The achieved Zn recovery was lower by 15%
in the laboratory-scale experiments compared to the industrial-scale experiment. It is
assumed that this is due to the higher L/S used in the industrial-scale experiment (L/S of
15 compared to L/S of 3). The low Zn recovery of WWFA40 (laboratory-scale) is associated
with enhanced precipitation of Zn due to the high leachate pH. Remarkable is the fact that
the Zn recovery seems not strongly affected by the Zn concentration in the ash. As observed
in other studies [36], the Zn yield stagnates at about 70% (in this study at about 65% in
the industrial-scale-experiments). It is assumed that the majority of the Zn in the ashes is
readily available for dissolution (e.g., as Cl- or S-salts). The remaining 30–35% of the Zn
seems, however, to be present in the insoluble form under these conditions (e.g., as glassy
particles, as Ca replacement in gehlenite or associated with iron [36]). The recovery of Cd
showed the same trends for laboratory- and industrial-scale, but with lower recoveries
by 15–50% in the laboratory-scale. The higher recoveries at the industrial-scale are again
attributed to the higher L/S. The lower Cd yields in the laboratory-scale experiment
without H2O2 are associated with the higher leachate pH. Since Cd concentration is about
one order of magnitude lower than the other elements, it is subject to larger fluctuations
as inhomogeneities in Cd concentration in the sample are more pronounced. The low
Cd recovery from WWFA40 is attributed to the very low Cd concentration in the ash.
An increase in Cd recovery can be observed for each ash type when the experiments are
performed under oxidizing conditions, as observed in other studies [36]. As WWFA40
showed a higher redox buffer than MSWIFA, it is assumed that the lower Cd recoveries
in the experiments without H2O2 are a result of reductive precipitation of Cd since Cd
recoveries are comparable to those of MSWIFA when using H2O2. The mobility of Pb
and Cu is highly dependent on the redox conditions, as well as on the pH (especially for
Cu). The recoveries for Pb and Cu for 40 L H2O2 are higher on the laboratory-scale than
on the industrial-scale. Besides differences in elemental concentrations in the ashes, the
pH and redox conditions are more easily controllable on the laboratory-scale than on the
industrial-scale. Additionally, the industrial-scale experiment runs over longer timespans
and is subject to fluctuations of ash input and neutralizing chemicals. The recoveries for Pb
and Cu were significantly lower for MFA compared to MSWIFA, which is attributed to the
higher redox buffer of WWFA40. However, further data are required for quantifying the
negative effects.

The FLUWA process nevertheless represents a valuable option for treating WWFA
as the heavy metal concentrations in WWFA are in the same range as for MSWIFA, and
WWFA shows comparable heavy metal recoveries for Zn and Cd. The negative effects of
the higher consumption of H2O2 affecting the Pb and Cu recovery may be diminished by a
cotreatment of lower WWFA ratios.

5. Conclusions

Heat and energy production in Switzerland using waste wood incineration is growing,
and new treatment pathways must be implemented to recover heavy metals from the ashes
and to reduce Cr(VI) content. Acid leaching, already established for MSWIFA, was found
to be a valuable option for the treatment of WWFA. Laboratory-scale experiments were
found to be suitable when evaluating the co-processing of MSWIFA and WWFA before
implementing at the industrial scale.

Comparison of the chemical and mineralogical composition of WWFA with MSWIFA
showed that WWFA could contain heavy metals (especially Pb) in elevated concentrations
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similar to that of MSWIFA. The investigated WWFA samples showed Cr(VI) concentrations
more than two orders of magnitude above the threshold value for landfilling. It was found
that the concentrations in heavy metals, Cr(VI) and matrix minerals differed within the two
WWFA types, depending on waste wood content. The elevated heavy metal and Cr(VI)
concentrations in WWFA justify the need for treatment prior to deposition. The treatment
with the FLUWA process allowed to successfully reduce the Cr(VI) in the filter cake until
below the threshold value for landfilling, even when the process was performed under
oxidizing conditions. The co-processing of WWFA required higher acid dosages due to its
high ANC, but the Zn and Cd recovery were not negatively affected by the co-processing.
Nevertheless, the co-processing of WWFA had a particularly negative effect on the recovery
of the redox-sensitive elements Pb and Cu, as WWFA showed a strong redox buffer and
thus a higher consumption of the oxidant H2O2. Therefore, higher dosages of H2O2
are needed to maintain oxidizing conditions during the process required for Pb and Cu
mobilization. The use of a stronger oxidizing agent (e.g., permanganate) could be expedient
and should be further tested with regard to successful Cr(VI) reduction. Alternatively,
smaller percentages of WWFA could be co-processed in existing FLUWA plants in order to
diminish the negative effects due to the higher demand for neutralization chemicals.

Within the next years, the implementation of co-processing the two ash types could
contribute significantly to the growing demand for treatment capacities in Switzerland.
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Abstract: Urban mining from fly ash resulting from municipal solid waste incineration (MSWI)
is becoming more and more important due to the increasing scarcity of supply-critical metals.
Metal extraction from acid fly ash leaching has already been established. In this context selective
Cu recovery is still a challenge. Therefore, our purpose was the separation of Cu(II) from MSWI fly
ash extracts by polymer-assisted ultrafiltration (PAUF). We investigated three polyethyleneimines
(PEIs) with regard to metal retention, Cu(II) selectivity, Cu(II) loading capacity, and the viscosity of
the PEI containing solutions. A demanding challenge was the highly complex matrix of the fly ash
extracts, which contain up to 16 interfering metal ions in high concentrations and a chloride content of
60 g L−1. Overcoming that, Cu(II) was selectively enriched and separated from real fly ash extract at
pH 3.0. At pH 1.0, a PEI-free Cu(II) concentrate was obtained and PEIs could be regenerated for reuse
in further separation cycles. The PAUF conditions developed at laboratory scale were successfully
transferred to pilot scale, and hyperbranched PEI (HB-PEI) was found to be the most suitable reagent
for PAUF in a technical scale. Moreover, HB-PEI enables photometric control of the Cu(II) enrichment.

Keywords: selective Cu(II) separation; sustainable waste treatment; municipal solid waste;
polymer-assisted ultrafiltration; real fly ash extracts; urban mining; pilot installation

1. Introduction

For decades, prosperity has increased worldwide, which is reflected in a strong rise in resource
consumption. To cover the resulting resource demand, the use of secondary raw materials is becoming
more and more important. Processing of residues derived from municipal solid waste incineration
(MSWI) contributes to a sustainable circular economy. Beneath the widely used bottom ash [1],
a mixture of the finer boiler and filter ash, called fly ash, represents an attractive source for raw
materials in urban mining. The chemical composition and resource potential of MSWI fly ash was
intensively investigated [2–4], with Zn, Cu, and Pb identified as being particularly suitable due to the
high concentration of these metals in MSWI fly ash and their good extractability [5].

Acid washing is an established method for extracting heavy metals from MSWI fly ash. The fly
ash is treated with a hydrochloric acid solution, preferably stemming from wet flue gas cleaning
in MSWI plants. Under slightly acidic conditions (pH 3.0–4.0), heavy metals are extracted with an
efficiency > 90% for Cd and Pb and 70–80% for Zn and Cu [2,3,6–8]. Vacuum belt filtration is used for
dewatering, resulting in a chloride-rich fly ash extract containing the extracted metals and a heavy
metal-poor filter cake. Acid fly ash washing is widely established in Swiss MSWI plants, but currently
only two plants outside of Switzerland are treating fly ash this way (MVA Ingolstadt, Germany,
and Termizo Liberec, Czech Republic).
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For the recovery of heavy metals from fly ash extract, the so-called FLUREC process is a proven
method [9]. Pb, Cu, and Cd are precipitated by cementation with Zn powder and collected as metal
sludge. Subsequently, solvent extraction is used for selective extraction and enrichment of Zn. From a
sulfuric acid concentrate, high-grade Zn is then recovered by electrowinning. This process is performed
in the Zuchwil MSWI plant (Switzerland).

In most MSWI plants, including MVA Ingolstadt, the extract from acid fly ash washing is processed
by hydroxide precipitation during wastewater treatment. The drained sludge contains, among other
components, hydroxides of Zn, Pb, Cd, and Cu. For metal recovery, the sludge may be treated outside
of the MSWI plant by applying the Waelz process [10], a pyrometallurgical technique primarily used
for steelwork dusts. Here, Zn and Pb are recovered as Waelz oxide, used as secondary raw material in
hydrometallurgical Zn production, while Cu is slagged and therefore lost for recovery.

Cu, however, became one of the most valuable metals through the 20th century, ranking after iron
and aluminum in importance for infrastructure and technology [11]. It is commonly used in a broad
range of industrial applications, becoming even more important hand-in-hand with the electrification
of transport technologies. According to Elshkaki et al. [12], the Cu demand could rise from 275 to 350%
by the year 2050 and exceed the projected Cu mineral resources. Consequently, preventing resource
scarcity by improving the efficiency of the Cu cycle and enhancing Cu recycling rates is crucial.

In the so-called SESAM project funded by the German Federal Ministry of Education and
Research (Bundesministerium für Bildung und Forschung), the resource potential of German MSWI
fly ash and the recovery of valuable metals from MSWI fly ash was investigated [4,5,13]. Special
attention was given to the acid fly ash leaching process as applied in the MSWI plant in Ingolstadt
(Germany). In particular, the separation of valuable metals from the fly ash extract prior to hydroxide
precipitation was targeted. In order to extend the spectrum of available techniques, the application of
polymer-assisted ultrafiltration (PAUF) for selective separation of Cu from fly ash extract was studied.

This ultrafiltration technique is also called polymer-enhanced ultrafiltration (PEUF), polymer-
supported ultrafiltration (PSU), liquid-phase polymer-based retention (LPR), and polymer filtration
(PF) [14]. It is based on the pH-dependent, reversible binding of metal ions to functionalized
water-soluble polymers. In a membrane ultrafiltration step, the polymer–metal complexes are retained
by the membrane and remain in the retentate solution, whereas non-bound ions pass the membrane
and are found in the permeate solution. Polymer-assisted ultrafiltration is a single-phase process
examined for the complexation, enrichment, and separation of metal ions from wastewater.

So far, many different polymers have been studied regarding PAUF applications [15].
An outstanding and extensively investigated water-soluble polymer class are polyethyleneimines
(PEIs). Their amino groups are able to form ammine complexes with various (heavy) metal ions,
such as Zn(II), Ni(II), and Cu(II). In recent years, Cu(II) separation has been performed using, inter alia,
branched PEI and partially ethoxylated PEI; selective retention of Cu(II) using PEI was carried out at
pH ≥ 3.0 [16,17], pH ≥ 5.0 [18], and pH ≥ 6.0 [19,20]. By decreasing the pH value, the respective metal
ion can be released from the polymer.

A challenge in PAUF is the technical implementation of the filtration step in continuous operation.
The polymer held back in the ultrafiltration retentate forms a layer on the membrane surface, severely
decreasing the permeate flux. In order to control the thickness of this so-called gel layer, cross- or
tangential flow filtration is applied. The polymer containing retentate is passed over the membrane
surface tangentially to the permeate flow at high velocity. This causes turbulence in the retentate and
reduces the gel layer formation. When assessing the technical application of water-soluble polymers,
determining their hydrodynamic behavior in tangential flow filtration is an important factor [21–23].

Yet despite a substantial body of research polymer-assisted ultrafiltration still has not reached
wide industrial application. Up to now, only a few PAUF studies have been carried out with operation
in continuous mode with a pilot installation [22,24–27]. Schulte-Bockholt et al. [28] investigated the
processing of industrial phosphating rinsing baths using a PAUF pilot plant. Apart from a few other
applications like metal removal from chlorine free pulp and paper industry wastewater [29] and from
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mine drainage water [30] with metal concentrations in the mg L−1 range, PAUF has primarily been
investigated using synthetic metal ion solutions without testing the applicability with real wastewater.
To the best of our knowledge, PAUF has not yet been applied for highly complex matrices, such as
extracts of municipal solid waste or other applications in terms of urban mining.

In our study, the selective enrichment and separation of Cu(II) from MSWI fly ash extracts by
PAUF was investigated. The high salinity of fly ash extracts with competing ions in concentrations up to
the g L−1 range, is extremely challenging not only for PAUF applications. Three commercially available
PEIs were examined in laboratory-scale experiments with fly ash extracts from two MSWI plants.
Based on these results, the hydrodynamic behavior of hyperbranched PEI was studied in the operation
of a membrane ultrafiltration pilot plant. The technical scale retention, enrichment, purification, and
regeneration of Cu(II) was thoroughly investigated and is discussed in the following sections.

2. Materials and Methods

2.1. Elemental Analysis of Fly Ash Extracts

Waste incineration plants of Ingolstadt, Germany (MVA Ingolstadt), and Zuchwil, Switzerland
(KEBAG Zuchwil), kindly provided fly ash extract samples. The samples were filtered using syringe
filter holders (0.45 μm, polyether sulfone; Sartorius, Göttingen, Germany). For each sample, 60 elements
were analyzed by matrix-adapted inductively coupled plasma optical emission spectrometry (ICP-OES;
iCAP 7600 Duo, Thermo Fisher Scientific, Waltham, MA, USA). The corresponding results were
validated by inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7900, Santa Clara, CA,
USA). Chloride concentrations of the fly ash extracts were determined by potentiometric titration with
silver nitrate solution (Titrando 904, Metrohm, Herisau, Switzerland).

2.2. Laboratory-Scale PAUF Experiments

2.2.1. Reagents

Hyperbranched polyethyleneimine (HB-PEI; MW ~25 kDa, 56 wt.% in H2O; Lupasol HF) and
modified polyethyleneimine (MOD-PEI; MW ~2000 kDa, 24 wt.% in H2O; Lupasol SK) were kindly
supplied by BASF SE (Ludwigshafen, Germany). Partially (80%) ethoxylated polyethyleneimine
(PE-PEI; MW ~70 kDa, 35–40 wt.% in H2O) was purchased from Sigma Aldrich (St. Louis, MO, USA).
Sodium hydroxide (for analysis; Merck, Darmstadt, Germany) and nitric acid (65%, for analysis; Merck)
were used to adjust the working pH of the feed solution.

2.2.2. Ultrafiltration Setup and Analytical Methods

The ultrafiltration system consisted of a peristaltic pump (Ismatec, Zürich, Switzerland),
an ultrafiltration module (Sartorius, Göttingen, Germany), a pH electrode (SI Analytics, Mainz,
Germany), and a pH meter (Schott, Mainz, Germany) (Figure S1). The feed solution was magnetically
stirred. Vivaflow® 50 filtration units (Sartorius) consisting of a flat membrane made of polyether
sulfone (molecular weight cut-off (MWCO) = 5 or 10 kDa, A = 50 cm2) were used as ultrafiltration
modules. During the ultrafiltration process, different material flows appear, while the feed solution is
piped through the ultrafiltration membrane. Permeate is defined as the flow passing the membrane,
whereas retentate is the flow retained by the membrane. Sampling of feed (1, Figure S1) and permeate
(2, Figure S1) was performed 15 min after each pH adjustment. All permeate and feed samples were
analyzed by ICP-OES. The polymer concentration in permeate and feed was determined by total
organic carbon (TOC) measurement using a TOC analyzer (Shimadzu, Kyoto, Japan). Calibration of
the latter was performed by determining the TOC of various concentrations of the respective polymer
in ultrapure water. The resulting metal and polymer retentions were calculated using Equation (1):

Ri [%] = (1 − (cp,i/cf,i)) × 100 (1)
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where i is the metal species or polymer, Ri is retention of i, cp,i is concentration of i in the permeate,
and cf,i is concentration of i in the feed.

2.2.3. Pretreatment of PEIs

Polydisperse substances such as (modified) PEIs show a broad molar mass distribution.
Low molecular weight fractions have to be removed to ensure that the polymers are retained
by the membrane in the subsequent PAUF experiments. Thus, the polymers were pretreated in
an ultrafiltration step, to remove small polymer molecules that can pass the membrane. For this
purpose, ultrafiltration membranes (MWCO = 10 kDa) were used and the permeate was led into a
separate vessel. During precleaning, polymer concentration in permeate and feed was continuously
determined by TOC measurement and the polymer retention was calculated according to Equation (1).
The precleaning of the polymer was terminated after reaching a polymer retention of more than 98%.

2.2.4. Determination of Metal Retention Behavior of PEIs

Prior to their use in ultrafiltration experiments, the fly ash extracts were filtered using syringe
filter holders. The feed solutions of the PAUF experiments consisted of diluted fly ash extract (1:2 in
ultrapure water) from MVA Ingolstadt and KEBAG Zuchwil and a final concentration (7.9–10.0 g L−1)
of HB-PEI, PE-PEI, or MOD-PEI. Control experiments without the addition of polymer were also
carried out. The ultrafiltration experiments using membranes with a MWCO of 10 kDa were carried
out in total recirculation mode, which means permeate and retentate flows were returned to the feed.
At first, the pH value of the feed solutions was decreased to pH 0.7–1.0 by the addition of nitric
acid (65%). Afterwards, the pH was successively increased up to 5.0–5.8 by the addition of sodium
hydroxide solution (6M). Finally, to investigate the metal release from the PEIs, the pH was decreased
to 1.0. The permeate and feed samples that were taken after each pH adjustment were analyzed by
ICP-OES. Additionally, TOC measurements were carried out to control the polymer retention.

In addition, all feed samples were centrifuged for 10 min at 4427 g (Z 206A, Hermle, Wehingen,
Germany) and the resulting supernatants were analyzed by ICP-OES.

2.2.5. Determination of Cu(II) Loading Capacity of PEIs

To investigate the maximum Cu(II) loading capacity of each PEI, further ultrafiltration experiments
were carried out. The feed solutions consisted of fly ash extract from KEBAG Zuchwil and HB-PEI at a
final concentration of 4.6 g L−1, PE-PEI at 4.7 g L−1, and MOD-PEI at 3.7 g L−1. Membranes with a
MWCO of 5 kDa were used. During the whole experiment, the pH was kept constant at 4.0 (HB-PEI,
MOD-PEI) or 4.3 (PE-PEI) and the ultrafiltration system was operated in total recirculation mode
(see Section 2.2.4). After the pH was adjusted to 4.0 or 4.3, the Cu(II) concentration of the feed solutions
was stepwise increased by adding a Cu(II) nitrate trihydrate solution (for analysis; Merck) diluted
with ultrapure water. Finally, pH was adjusted to 1.0 by adding nitric acid (65%) to examine the Cu(II)
release from the PEIs. Fifteen minutes after each Cu(II) addition and after adjusting the final pH to 1.0,
samples of permeate and feed were taken and analyzed by ICP-OES and TOC.

2.3. Viscosity Determination of Aqueous Polymer Solutions

The viscosity of aqueous solutions containing HB-PEI, PE-PEI, and MOD-PEI was determined
using a DV-III+ rheometer (Brookfield, Middleboro, MA, USA) with cone/plate setup (CPE40).
Temperature was controlled at 30 ◦C by a circulation thermostat (LAUDA RE204, Koenigshofen,
Germany). In order to remove membrane-permeable size fractions of the polymers, pretreatment was
performed according to Section 2.2.3.

246



Processes 2020, 8, 1662

2.4. Pilot-Scale PAUF Experiments

2.4.1. PAUF Pilot Plant

For pilot-scale PAUF experiments, a tangential flow ultrafiltration plant according to Figure 1
was used (Andreas Junghans GmbH, Frankenberg/Sachsen, Germany). Three ceramic multichannel
tubular membranes (CA-TiO2/Al2O3; Inopor, Veilsdorf, Germany) with a mean pore width of 10 nm
were mounted in the membrane module.

Figure 1. Scheme and operating data of tangential flow ultrafiltration pilot scale plant used for Cu(II)
enrichment and separation (Andreas Junghans GmbH, Frankenberg/Sachsen, Germany). PP, pressure
pump; CF, cross-flow pump.

The pilot plant was operated with HB-PEI (Lupasol HF, MW ~25 kDa, 56 wt.% in H2O). For startup,
the polymer solution was added into the feed tank and fed to the filtration circuit. Polymer solutions
were pretreated with water in order to flush out the membrane-permeant size fraction until polymer
retention > 99.8% was reached. In operation, the polymer was trapped in the filtration circuit
(volume 11 L) and the feed reservoir was polymer-free. Polymer solutions were reused in various
experiments after regeneration at pH 1.

The parts of the pilot plant that were in contact with polymer containing media were made of PVC.
A gear pump was used to feed solutions from the feed reservoir into the filtration circuit and to release
the buildup of filtration pressure. Cross-flow was generated by a centrifugal pump and regulated by
automatic flow measurement. The pH value in the filtration circuit was continuously measured and
controlled by automatic dosing of 6M hydrochloric acid and 10M sodium hydroxide solution directly
into the filtration circuit. For tempering of the pilot plant, a heat exchanger was optionally mounted in
the filtration circuit but removed during the experiments in order to avoid additional flow resistance.
Heat generated by the cross-flow pump was sufficient to keep the temperature in the filtration circuit
at 40 ◦C. The pilot plant provided a human–machine interface based on Siemens SIMATIC S7.

2.4.2. Fly Ash Extracts Used for Pilot-Scale PAUF Experiments

For investigations with the pilot plant, fly ash extract from the acid washing at the Ingolstadt
MSWI plant was used. Suspended matter was allowed to settle and the fly ash extract was then
filtered through a bag filter (50 μm). The extract taken from the MSWI plant contained 0.13 g L−1 of
Cu(II). In order to additionally investigate the PAUF treatment of fly ash extract with a higher Cu(II)
concentration, a second extract with 0.70 g L−1 of Cu(II) was achieved by adding Cu(NO3)2·3H2O to
the extract taken from the MSWI plant. The evaluation was focused on the elements with the highest
concentration in the fly ash extract (Pb, Zn, Ca, and Cl−, listed in Table 1).
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Table 1. Concentration of elements Zn, Pb, Cu, Ca, and Cl− in municipal solid waste incineration
(MSWI) fly ash extract used for retention experiments. * Achieved by addition of CuNO3.

Zn Pb Cu Ca Cl−

2.4 0.78 0.13/0.70 * 6 81 g L−1

2.4.3. Pilot Plant Filtration Data

The permeate flux and specific power consumption (pressure and cross-flow pump) of the pilot
plant were determined at 40 ◦C and a transmembrane pressure (TMP) of 5 bar, depending on the
polymer concentration and tangential velocity in the filtration circuit. The pilot plant was filled with
fly ash extract and operated in recirculation mode (permeate was recirculated into the feed reservoir).
Pretreated HB-PEI solution was stepwise added to the feed reservoir and fed into the filtration circuit.

2.4.4. Selective Cu(II) Retention

The filtration circuit was filled with a 4 g L−1 solution of pretreated HB-PEI in water. To start
the retention experiment, fly ash extract was continuously fed into the filtration circuit, with the pH
value kept at 3.0. Samples were taken from the filtration circuit and analyzed by ICP-OES. Retention
experiments were ended after 53 L (extract with 0.13 g L−1 Cu) or 21 L (extract with 0.7 g L−1 Cu).

2.4.5. Rinsing of Cu(II) Loaded Preconcentrates with Water

Rinsing of the Cu(II) loaded polymer concentrate was performed using concentrates from the
Cu(II) retention experiments (Section 2.4.4). The filtration circuit was filled with polymer containing fly
ash extract (4 g L−1 HB-PEI, 2.0 g L−1 Zn, 0.7 g L−1 Pb, 4.7 g L−1 Ca) and the pilot plant was operated
at pH 3.0 with water as feed for 1 h. Samples were taken from the filtration circuit and analyzed
by ICP-OES.

Thickening of the polymer solution was achieved by feeding fly ash extract with 4 g L−1 HB-PEI
to the filtration circuit until a polymer concentration of 25 g L−1 HB-PEI was reached.

Cu(II) retention during rinsing was optimized using 25 g L−1 HB-PEI loaded with 200 mg of
Cu(II)/g polymer. Rinsing was carried out with water for 1 h at pH 4.0, 3.5, and 3.0. Samples were
taken from the filtration circuit and analyzed by ICP-OES.

2.4.6. Recovery of Cu(II) and Regeneration of Polyethyleneimine

Recovery of Cu(II) from the filtration circuit was performed using a concentrate received after
rinsing (4 g L−1 HB-PEI, 0.7 g L−1 Cu(II)). The pH was decreased to 1.0 and the pilot plant was operated
with water. Samples were taken from the filtration circuit and analyzed by ICP-OES.

2.5. Monitoring Cu(II) Enrichment and Release by UV-Vis Spectroscopy

Polyethyleneimine and Cu(II) form stable tetraamminecopper(II) complexes, which absorb light
within the visible spectral range and appear in blue. Therefore, we investigated a possible photometric
control of the Cu(II) enrichment and release.

UV-vis spectra of feed samples resulting from the Cu(II) loading experiments with HB-PEI
(see Section 2.2.5) were recorded with a Lambda 35 UV-vis spectrometer (Perkin Elmer, Waltham, MA,
USA) using polymethylmethacrylate sample cuvettes (VWR, Darmstadt, Germany). Solutions of Cu(II)
nitrate trihydrate in ammonium hydroxide and in ultrapure water were prepared and investigated,
functioning as comparative samples representing Cu(II) ammine complexes without polymer.
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3. Results and Discussion

3.1. Metal Retention of Different PEIs in MSWI Fly Ash Extracts

Three different polyethyleneimines were investigated regarding their retention behavior towards
all metal species contained in the fly ash extracts from MVA Ingolstadt and KEBAG Zuchwil.
Composition of the fly ash extracts was previously analyzed; the resulting main metal components
and chloride concentrations are shown in Table S1.

Figure 2 shows the retention of Cd(II), Cu(II), Ni(II), Pb(II), Zn(II), Fe(III), and Sb(V) using HB-PEI
(Figure 2a,b), PE-PEI (Figure 2c,d), and MOD-PEI (Figure 2e,f). HB-PEI contains primary, secondary,
and tertiary amino groups. Each PEI was investigated using the fly ash extracts from both MVA
Ingolstadt (Figure 2b,d,f) and KEBAG Zuchwil (Figure 2a,c,e).

Figure 2. Influence of pH on the retention of Cd(II), Cu(II), Ni(II), Pb(II), Zn(II), Fe(III), and Sb(V) using
fly ash extracts from KEBAG Zuchwil and MVA Ingolstadt: (a,b) hyperbranched polyethyleneimine
(HB-PEI) = 10.0 g L−1 (Zuchwil), 7.9 g L−1 (Ingolstadt); (c,d) partially ethoxylated polyethyleneimine
(PE-PEI) = 9.4 g L−1 (Zuchwil), 7.7 g L−1 (Ingolstadt); (e,f) modified polyethyleneimine (MOD-PEI) =
9.7 g L−1 (Zuchwil), 8.0 g L−1 (Ingolstadt).

As illustrated in Figure 2a–f, Cu(II) is the only metal ion retained at approximately 100% from
pH 3.0 upwards. At this pH, Cd(II) and Pb(II) are retained at about 10% using PE-PEI (Figure 2c,d),
and 15–30% using HB-PEI (Figure 2a,b). The fly ash extract from MVA Ingolstadt additionally
contains Fe(III) and Sb(V), which are increasingly retained by the membrane starting from pH 3.0 on
(Figure 2b,d,f).

As shown in Table 2, both fly ash extracts contained many more metal ions than depicted in
Figure 2. The retention of Li, Na, K, Rb, Mg, Ca, Sr, Si, Al, and Mn was also investigated in the same
PAUF experiments described in Figure 2. All were barely retained by the membrane, as can be seen in
Table 2. Regarding the monovalent alkali metal ions that was to be expected, however, the nonbinding
especially of divalent alkaline earth metal ions is a crucial result regarding the target Cu(II) selectivity
in the treatment of highly saline fly ash extracts.
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Table 2. Retention of Li(I), Na(I), K(I), Rb(I), Mg(II), Ca(II), Sr(II), Al(III), Si(IV), and Mn(II) using fly
ash extracts from KEBAG Zuchwil and MVA Ingolstadt and HB-PEI, PE-PEI, and MOD-PEI polymers.

Retention

Elements Fly Ash Extract from KEBAG Zuchwil Fly Ash Extract from MVA Ingolstadt

HB-PEI PE-PEI MOD-PEI HB-PEI PE-PEI MOD-PEI

Li, Na, K, Rb, Mg,
Ca, Sr, Al, Si, Mn <6% <4% <9% <8% <3% <6%

The high Cu(II) retention observed is based on the interaction of Cu(II) with the respective PEI.
Cu(II) forms tetraamminecopper(II) complexes with amine groups of the three PEIs. Ni(II) and Zn(II)
are retained by forming ammine complexes as well but only at pH > 3.0.

To clarify the observed retention of additional metal ions (Figure 2a–f), ultrafiltration experiments
were carried out using fly ash extract without the addition of PEI. The results obtained are shown in
Figure S2.

To some extent, Pb, Fe, and Sb were retained in the PAUF experiments described above, but they
also showed similar retention in the experiments without the addition of PEI (Figure S2). During these
experiments, visible turbidity of the feed solutions was observed; the feed samples were centrifuged
and the supernatants were analyzed. A continuously decreasing Fe concentration above pH 3.0 was
observed: Between pH 3.0 and 5.0 Fe(II) and Fe(III) may both exist, but Fe(II)-hydroxide requires a
pH > 7.0 for precipitation [3]. Therefore, Fe(III) was precipitated as solid iron(III)oxide hydrate and
retained by the ultrafiltration membrane in the PAUF experiments (Figure 2b,d,f).

The Sb concentration of the centrifuged feed samples also decreased above pH 3.0. This could
occur due to the precipitation of Na[Sb(OH)6], formed with sodium ions contained in the fly ash extract
and also resulting from adjusting the pH with sodium hydroxide. Furthermore, Sb(V) and Sb(III)
may coexist [31], enabling coprecipitation of Sb(OH)3 with Fe(III) oxide hydrate. Similar retention
progression of antimony and iron, shown in Figure 2b,f, indicates this.

Pb(II) was retained to different degrees using HB-PEI, PE-PEI, and MOD-PEI (Figure 2) and
also without the addition of PEI (Figure S2). Dissolved Pb2+ forms lead chloro complexes such as
[PbCl]+, [PbCl3]−, [PbCl4]2− and/or hardly soluble PbCl2 in the presence of 60 g L−1 chloride [32],
as contained in the fly ash extracts. Weibel et al., thoroughly investigated Pb-chloro complex formation
in fly ash extract and identified [PbCl3]− and [PbCl4]2− as the mainly present species [3,6]. Presumably,
a certain percentage of the Pb(II) binds to protonated amino groups of the PEIs via these negatively
charged chloro complexes. Especially tertiary amino groups of polyethyleneimine may act as anion
exchangers and therefore bind negatively charged chloro complexes. The lead retention observed in
the experiments without PEI, however, may arise from lead precipitated as PbCl2.

As shown in Figure 2a–d, Cd(II) was also retained to a small extent. This may be due to the
formation of stable negatively charged Cd(II) chloro complexes binding to polyethyleneimine analogous
to Pb(II) [33]. Weibel et al., found [CdCl4]2− and [CdCl3]− to be the dominant Cd-chloro complexes
formed in fly ash extracts [6]. Cadmium, however, did not show any retention without PEI (Figure S2),
because CdCl2 is water-soluble, in contrast to PbCl2.

Conclusively, at pH 3.0, Cu(II) was the only metal ion being bound to the investigated PEIs via
metal complex formation with amine groups.

After enrichment, Cu(II) has to be released from the polyethyleneimine in order to achieve selective
Cu(II) separation. At the same time, a complete metal release means regeneration of the polymer,
which can then be reused in further enrichment cycles.

We investigated the Cu(II) release by decreasing the pH of the feed solution at the end of each
PAUF experiment. For all six feed solutions shown in Figure 2, Cu(II) retention at pH 1.0 was 0%
using fly ash extract from KEBAG Zuchwil (Figure 2a,c,e) and 4–5% using fly ash extract from MVA
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Ingolstadt (Figure 2b,d,f). Therefore, Cu(II) was successfully released from all investigated PEIs at
pH ≤ 1.

Summarizing the sorption behavior of MOD-PEI, Cu(II) was selectively separated at pH 3.0
from 16 different metal ions, including additional heavy metals, alkaline and alkaline earth metals.
Moreover, the very high chloride concentration of 60 g L−1 in the highly saline fly ash extracts did
not influence the pH-dependent Cu(II) chelating behavior. This also applies for HB-PEI [19] and
PE-PEI [20]. The selective Cu(II) separation from real fly ash extract is even more exceptional, as the
Cu(II) concentration in fly ash extracts is up to 380 times lower compared to interfering ions, such
as alkaline (earth) metals or zinc. The highest selectivity regarding Cu(II) separation was achieved
with MOD-PEI (Figure 2e,f). Compared to HB-PEI and PE-PEI MOD-PEI provides a lower number of
amino groups. This leads to an early displacement of other competing metal ions by Cu(II) because
Cu(II) forms the most stable transition-metal complex compounds among all metal ions present in the
investigated fly ash extracts [34].

3.2. Copper Loading Capacity of HB-PEI, PE-PEI, and MOD-PEI Using Fly Ash Extract

Besides the qualitative characterization of the metal binding behavior of the PEIs, Cu loading
capacity was also determined. During the stepwise addition of Cu(II) nitrate trihydrate to the feed
solution of the PEIs in fly ash extract from KEBAG Zuchwil, each of the three feed solutions became
deeper blue. The Cu loading was visible due to the formation of blue tetraamminecopper(II) complexes
formed by dissolved Cu(II) and the amino groups of the polymers. As illustrated in Figure 3, HB-PEI
shows the highest loading capacity for Cu(II) closely followed by PE-PEI and with a much higher
distance MOD-PEI.

Figure 3. Cu(II) loading capacity for HB-PEI (4.6 g L−1), PE-PEI (4.7 g L−1), and MOD-PEI (3.7 g L−1)
using fly ash extract (KEBAG Zuchwil).

The determined Cu(II) loading capacities of HB-PEI and PE-PEI are in the same range as stated
in [20]. However, the experiments described in this study were not carried out with real wastewater,
but with a synthetic solution containing only copper sulfate. As a remarkable result, the very high
concentration of interfering ions in real fly ash extract did not have any influence on the Cu(II) loading
capacity of polyethyleneimines. The Cu loading capacity of PE-PEI is slightly lower compared to
HB-PEI, because the amino groups are partially ethoxylated and therefore not available for Cu(II)
binding. MOD-PEI is even more modified, which leads to an additional reduction of the Cu loading
capacity: Even though MOD-PEI showed the highest selectivity for Cu(II) (see Section 3.1), its low Cu
loading capacity restricts the applicability for Cu enrichment.
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3.3. Viscosity of PEI Solutions

The viscosity of pretreated aqueous MOD-PEI, HB-PEI, and PE-PEI solutions was investigated.
The membrane-permeant size fraction of the polymers was removed before measurement according to
Section 2.2.3. Polymer concentrations up to 75 g L−1 were considered at a temperature of 30 ◦C.

The obtained data are given in Table 3. The viscosity of the aqueous solutions rose with increasing
polymer concentration. Solutions of HB-PEI (Mw ≈ 25 kDa) showed higher viscosity than solutions of
PE-PEI (Mw ≈ 70 kDa), but both remained fluid even at 75 g L−1 polymer. MOD-PEI (Mw ≈ 2000 kDa)
showed far higher viscosity, with gel being formed at >20 g L−1 polymer.

Table 3. Dynamic viscosity of aqueous PEI solutions (30 ◦C). Membrane-permeant size fraction was
removed before measurement. Gel was formed with >20 g L−1 MOD-PEI.

Concentration - 1 5 10 25 50 75 g L−1

MOD-PEI 0.78 1.7 3.6 5.5 - - - mPa·s
PE-PEI 0.78 0.82 0.86 0.89 1.1 1.4 1.8 mPa·s
HB-PEI 0.78 0.84 0.89 0.95 1.2 1.9 3.1 mPa·s

Solutions of HB-PEI and PE-PEI provide a viscosity that is low enough for efficient treatment
in tangential flow ultrafiltration, although if very high polymer concentrations in PAUF are desired,
the use of PE-PEI may be advantageous [21]. Application of very-high-molecular-weight polymers in
PAUF, such as MOD-PEI, is disadvantageous. Even at moderate polymer concentrations, the aqueous
solutions cannot be treated properly in tangential flow ultrafiltration.

3.4. Operating Data of PAUF Pilot Plant Using HB-PEI

Operating data of the PAUF pilot plant were investigated by treating a fly ash extract from
MVA Ingolstadt containing different concentrations of HB-PEI by tangential flow ultrafiltration.
The pilot plant was operated at a transmembrane pressure (TMP) of 5 bar, and the temperature in the
filtration circuit was 40 ◦C. The water-soluble polymer was trapped inside the filtration circuit and the
polymer-free permeate was led back into the feed reservoir of the pilot plant.

The influence of polymer concentration and tangential velocity on the permeate flux and specific
power uptake of the pilot plant are summarized in Figure 4. Power uptake included the power
consumption of the pressure and the tangential flow pump. Performance of the tangential flow
filtration clearly increased with increasing tangential velocity and decreased with increasing polymer
concentration in the filtration circuit.

  
(a) (b) 

Figure 4. Influence of tangential velocity and polymer concentration on (a) permeate flux and (b) specific
power consumption (pressure and cross-flow pump) of the pilot plant. HB-PEI diluted in fly ash extract.
Transmembrane pressure (TMP) = 5 bar, T = 40 ◦C.
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PAUF is influenced by gel layer formation [21–23], which occurs in the boundary layer on the
membrane surface due to the retention of the water-soluble polymer. This results in additional flow
resistance, decreasing the achievable permeate flux and increasing the specific power uptake of the
process [35]. Gel layer formation is reduced by increased tangential velocity in tangential flow filtration,
as turbulent flow conditions on the membrane surface reduce the thickness of the boundary layer [36].
Consequently, the permeate flux of the pilot plant increased with increasing tangential velocity.

The transition from laminar to turbulent flow regime in the channels of the tubular ceramic
membranes appeared at tangential velocities between 0.3 and 0.8 m s−1 and was observable in a strong
decrease of specific power uptake. Depending on the HB-PEI concentration, a minimum specific power
uptake was observed at a tangential velocity of about 0.8 m s−1 (1–10 g L−1 HB-PEI) and 1.0 m s−1

(20 and 30 g L−1 HB-PEI). With further increase of tangential velocity, the specific power uptake rose
moderately. This results from the logarithmic rise of the permeate flux, but a disproportional rise of
pressure loss in the filtration circuit with increasing tangential velocity occurs.

The permeate flux achieved by the pilot plant is comparable to other work [15,21–23] but rather
low. Reasons for this are the very high salt content of the treated fly ash extract, the high water-soluble
polymer concentration used in the filtration circuit, and a progressive fouling of the ceramic tubular
membranes that were used for the treatment of PEI containing fly ash extract. Irreversible fouling
(i.e., by irreversible pore blocking), which cannot be reversed by counter-flushing of the membranes,
was significant, but remained in a steady state. So, the pilot plant data given in this work represent
realistic conditions using ceramic tubular membranes.

3.5. Multistage Process for Technical Scale Separation of Cu(II) from Fly Ash Extract

A PAUF-based process for the selective separation and purification of Cu(II) was investigated,
as shown in Figure 5. In the retention stage, fly ash extract and HB-PEI solution were fed to
an ultrafiltration plant. Cu(II) was bound by the polymer and retained in the filtration circuit.
A preconcentrate containing Cu(II) loaded HB-PEI in fly ash extract was (continuously) ejected from the
filtration circuit, and the Cu(II) depleted permeate was discharged as wastewater. In order to improve
the selectivity of Cu(II) toward interfering ions in the fly ash extract, the preconcentrate was purified
in another ultrafiltration stage. This can be done either by thickening the preconcentrate, where the
concentration of Cu(II) loaded polymer and therefore Cu(II) in the filtration circuit is enriched or by
rinsing the filtration circuit with water in order to displace fly ash extract from the polymer solution.
Depending on the technical realization, the steps may be done in a different order or at the same
time. For Cu(II) recovery and regeneration of HB-PEI, the pH is decreased and Cu(II) is released from
the polymer. Cu(II) is rinsed from the filtration circuit, producing a polymer-free Cu(II) concentrate.
The regenerated HB-PEI solution is recirculated into the retention stage.

 

Figure 5. Multistep polymer-assisted ultrafiltration (PAUF) process for selective separation of Cu(II)
from MSWI fly ash extract. A polymer-free Cu(II) concentrate is obtained in the process.
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The technical implementation of the different steps (retention, enrichment/purification,
regeneration) is investigated in the following sections. The cumulative volume of solutions fed
into the pilot plant is given in  (multiples of the filtration circuit volume). The concentration of
elements in the filtration circuit is referenced to their concentration in the feed solution (in continuous
operation) respective to their concentration in the filtration circuit at the beginning of the rinsing
experiments (in batch operation).

3.5.1. Retention of Cu(II) in Continuous Operation

The retention of Cu(II) was investigated with two fly ash extracts containing 0.13 g L−1 and
0.7 g L−1 Cu(II). The pilot plant was filled with 4 g L−1 pretreated HB-PEI in water. After startup,
fly ash extract was fed to the plant and treated at pH 3.0. Figure 6 shows the concentrations of Cu(II),
Pb(II), Zn(II), and Ca(II) in the filtration circuit during both experiments.

Figure 6. Enrichment of Cu(II), Pb(II), Zn(II), and Ca(II) in filtration circuit during continuous Cu(II)
retention treating fly ash extracts from MVA Ingolstadt. The process was started with water in the
filtration circuit, resulting in an arithmetically negative enrichment. Reference: concentration in the fly
ash extract. HB-PEI = 4 g L−1, pH 3.0, T = 40 ◦C.

At the beginning, the concentration of elements in the filtration circuit was lower than in the fly
ash extract, resulting in an arithmetically negative enrichment factor. After the feed was switched to
fly ash extract, the water in the filtration circuit was continuously displaced and the concentrations
of Cu(II), Zn(II), Pb(II), and Ca(II) increased. After  = 3, Ca(II) concentration in the filtration circuit
was equal to the Ca(II) concentration in the feed solution and therefore the enrichment was zero.
This implies that the displacement of water was completed and the filtration circuit from then on was
only filled with fly ash extract and HB-PEI.

Ca(II) enrichment remained zero in further operation of the pilot plant. In accordance with the
laboratory experiments, Ca(II) was not retained in PAUF. It represents further elements that were not
bound by HB-PEI at pH 3.0 which also showed zero enrichment (including chloride).

For Zn(II) and Pb(II), a slight enrichment in the filtration circuit was observed, reaching a steady
state at  = 4. This slight enrichment was limited to 10% for Zn(II) and 30% for Pb(II). The latter
already showed a slight binding by HB-PEI in laboratory experiments. This originates from Pb-chloro
complexes interacting electrostatically with HB-PEI (see Section 3.1). At pH 3.0 Zn(II) can also form
Zn-chloro complexes (weaker compared to Pb-chloro complexes) [6]. Both metal ions do not bind to
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HB-PEI via metal complex formation at pH 3.0 and therefore showed no linear increase in the filtration
circuit in continuous operation.

In contrast, the concentration of Cu(II) in the filtration circuit correlated linearly with the volume
of fly ash extract treated, irrespective of whether a feed with 0.13 g L−1 or 0.7 g L−1 Cu(II) was used.
With 4 g L−1 of HB-PEI, the effective Cu(II) concentration in the filtration circuit was limited to 0.8 g L−1

Cu(II) when loading of 200 mg Cu(II)/g polymer was accepted. Cu(II) exceeding this concentration
was not sufficiently bound by HB-PEI and was lost in the following stages.

For Cu(II) retention in continuous operation, addition of sodium hydroxide solution to the filtration
circuit is required, as otherwise the pH value drops and Cu(II) is no longer retained. The intense
mixing due to the tangential flow and high buffer capacity of the polymer solution allowed perfect pH
control in the filtration circuit. The process was able to selectively retain Cu(II) in the filtration circuit,
even if strong fluctuation of the Cu(II) concentration occurred in the feed.

Though Cu(II) was enriched considerably, the achievable selectivity of Cu(II) toward Zn(II), Pb(II),
and Ca(II) in a preconcentrate ejected from the filtration circuit was quite low (Table 4). In steady state,
the Cu(II) loaded polymer was in the fly ash extract the filtration circuit was filled with. To improve
Cu(II) selectivity, the fly ash extract had to be rinsed out from the preconcentrate in a second step.

Table 4. Concentration of Pb(II), Zn(II), and Ca(II) in feed solution and filtration circuit in steady state.
Composition of concentrate ejected from retention step if loading of 200 mg Cu/g polymer is accepted.

Cu(II) Pb(II) Zn(II) Ca(II)

Feed solution (fly ash extract) 0.13/0.70 0.8 2.5 6.0 g L−1

Steady state (filtration circuit) - 1.0 2.7 6.0 g L−1

200 mg Cu/g polymer @ 4 g L−1 HB-PEI 0.8 - - - g L−1

Ejected from filtration circuit 0.8 1.0 2.7 6.0 g L−1

3.5.2. Cu(II) Enrichment and Purification

Rinsing of the preconcentrate with water in the batch process was investigated. The purpose
of this procedure is to displace fly ash extract from the preconcentrate gained in the retention step.
Due to its high concentration in the preconcentrate, Ca(II) concentration serves as reference for further
unbound species in the filtration circuit. As can be seen in Figure 7, the concentration of Ca(II) followed
an exponential decrease during rinsing, which can be described by Equation (2). The concentration of
an unbound species in the filtration circuit decreased from the initial concentration ci,0 according to

ci,  = ci,0 × e−  (2)

with  giving the volume of rinsing water used (in multiples of filtration circuit volume). An evaluation
of this equation is given in Table 5. Though slightly bound by the polymer in laboratory experiments
and in the retention step, Zn(II) and Pb(II) were successfully rinsed from the filtration circuit equally to
unbound species.

Table 5. Reduction of unbound species in the filtration circuit by rinsing with water (calculated by
Equation (2)).

Rinsing Water Used ( ) 0 1 2 3 4 5

Reduction of unbound species (ci,  /ci,0) 100% 37% 14% 5% 2% 1%
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Figure 7. Rinsing of filtration circuit with water.

An alternative way to increase Cu(II) selectivity is to thicken the preconcentrate. This is achieved
by feeding Cu(II) loaded preconcentrate exceeding the volume of the filtration circuit to the pilot
plant. The polymer is retained by the membrane and Cu(II) is enriched linearly with increasing
polymer concentration in the filtration circuit, while the concentration of unbound species passing the
membrane remains equal. Combining the thickening step with purification of the concentrate obtained
by rinsing with water, a substantial enhancement of Cu(II) selectivity toward unbound species could
be obtained (Table 6).

Table 6. Enhancement of Cu(II) selectivity toward unbound species by increased polymer concentration
(thickening) and rinsing of filtration circuit (with water); 4 g L−1 HB-PEI in the initial concentrate
was considered.

Rinsing with Water ( )

0 1 2 3 4 5

c(HB-PEI) after
thickening

4 g L−1 1 3 7 20 55 148

10 g L−1 3 7 18 50 136 371

25 g L−1 6 17 46 126 341 928

50 g L−1 13 34 92 251 682 1855

When the preconcentrate was rinsed at an initial Cu(II) loading of 250 mg Cu(II)/g polymer,
a significant loss of Cu(II) occurred. Therefore, rinsing was optimized by reducing the initial loading
to 200 Cu(II)/g polymer. As can be seen in Figure 7, the Cu(II) concentration did not drop when rinsing
was done at pH 4.0, and only slightly decreased when the pH value was lowered to 3.5 (96%) and
3.0 (94%) during rinsing (  = 1.8).

The very high concentration of interfering ions in the preconcentrate requires intense rinsing of
the filtration circuit. It was very efficient at the beginning but dilution of the fly ash extract in the
filtration circuit resulted in a steady decrease of rinsing efficiency with increasing volume of rinsing
water used. High purification of the Cu(II) preconcentrate was accompanied by a high consumption
of rinsing water and, due to the application of tangential flow ultrafiltration, energy. Using PAUF
for selective enrichment and separation requires processes for further metal recovery that tolerate
remaining interfering ions in the PAUF concentrate in order to minimize the required rinsing.
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3.5.3. Regeneration of the Polymer

Finally, regeneration of the polymer and gaining a polymer-free Cu(II) concentrate in a batch
process were investigated. Cu(II) was released from HB-PEI by the addition of hydrochloric acid to the
filtration circuit until pH 1.0 was reached. Unbound Cu(II) was then rinsed from the filtration circuit
by water. The discharge of Cu(II) (Δ) from the filtration circuit, depending on the volume of rinsing
solution used (  ), is described with an adaption of Equation (2):

Δ = 1− ci,  
ci,0

= 1− e−  (3)

Experimental and calculated data for the Cu(II) discharge are given in Figure 8. Cu(II) was
efficiently discharged from the pilot plant by rinsing with water, generating a polymer-free Cu(II)
concentrate. The regenerated HB-PEI remained in the filtration circuit and was used in further
separation cycles.

 
Figure 8. HB-PEI regeneration by pH decrease and Cu(II) discharge from the filtration circuit by rinsing
with water. Cu(II) concentration in cumulative permeate is referenced to initial Cu(II) concentration in
the filtration circuit.

Due to the decreased Cu(II) concentration in the filtration circuit, Cu(II) concentration in the
accumulated polymer-free permeate steadily decreased (Figure 8, calculated by mass balancing) with
increasing volume of rinsing water. As the regenerated polymer solution was supposed to be used
for Cu(II) retention again, a sufficient discharge of Cu(II) from the filtration circuit was necessary,
as remaining unbound Cu(II) in the polymer solution was recirculated to the retention step, reducing
the performance of this step. Depending on the polymer concentration in the filtration circuit, Cu(II)
concentrations in a polymer-free concentrate, as given in Table 7, can be achieved in a batch regeneration
process. An initial polymer loading of 250 mg Cu(II)/g polymer, no Cu(II) retention during rinsing,
and 90% Cu(II) discharge are assumed.

Table 7. Final Cu(II) concentration in cumulative permeate collected during polymer regeneration and
rinsing of the filtration circuit with water. No Cu(II) retention and 90% discharge (  = 2.3) are assumed.
Calculation according to Equation (3) and by mass balancing.

c(HB-PEI) 4 10 25 50 100 g L−1

Initial Cu(II) in filtration circuit 0.8 2 5 10 20 g L−1

Final Cu(II) in cumulative permeate 0.3 0.8 2.0 3.9 7.8 g L−1
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3.6. Photometric Control of the Cu(II) Enrichment and Release

For pilot scale operation, control of the Cu(II) enrichment and release in the filtration circuit is
highly beneficial. An inline measurement of the Cu(II) enrichment enables an automated pH decrease
by acid addition as soon as the Cu(II) loading of the polymer is completed. Then again, as soon as
the Cu(II) release is completed, the pH is automatically increased and a new enrichment cycle can
be started.

Therefore, the specific change in light absorption of PEI depending on its complex formation can
be utilized. Due to the formation of Cu(II) complexes with HB-PEI (tetraamminecopper(II)) [37] and
H2O, photometric control of the enrichment and release during PAUF experiments [23] with fly ash
extract was investigated.

Figure 9a shows the increasing Cu(II) loading of HB-PEI at pH 4.0 (feed solutions in cuvettes 1–10),
followed by a clearly visible color change representing the Cu(II) release at pH 1.0 (feed solution in
cuvette 11). Decreasing the pH value, the feed solutions turned colorless to light blue again, indicating
the formation of hexaaquacopper(II) and thus the regeneration of HB-PEI.

Figure 9. (a) PAUF feed samples of Cu(II) enrichment and final Cu(II) release (far right) from HB-PEI
using fly ash extract (KEBAG Zuchwil), HB-PEI = 4.6 g L−1. (b) Corresponding UV-vis spectra of
increasing Cu(II) loading (gray, black, and green graphs) and release (orange graph). Comparable
solutions of [Cu(NH3)4]2+ (blue graph) and [Cu(H2O)6]2+ (red graph) were additionally analyzed.

Figure 9b shows the UV-vis spectra of the PAUF feed samples with increasing Cu(II) concentration
from gray to black to green graphs. The prepared solution of [Cu(NH3)4]2+ (Figure 9b, blue graph) has
an absorption maximum at 605 nm. The copper(II) ammine complex formed with HB-PEI absorbs
at very similar wavelengths. The intensity of the absorption bands increases until the maximum
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loading capacity is reached at around 976 mg L−1 of Cu(II). Additional Cu(II) forms Cu(II) aqua
complexes. Therefore, UV-vis spectra are shifted more to the right toward the absorption maximum of
[Cu(H2O)6]2+ (810 nm, red graph) and a mixture of ammine and aqua complexes occurs in the feed
solution. At pH 1.0, Cu(II) is released from HB-PEI and the Cu(II) aqua complex exists exclusively,
showing an absorption maximum at 830 nm (Figure 9b, orange graph).

It is easy to distinguish between the absorption maxima of the ammine and aqua complexes
formed within the Cu(II) enrichment and those obtained during the release from HB-PEI. This enables
calibrated photometric control of the selective Cu(II) separation from real fly ash extract by PAUF.

4. Conclusions

In this work, the application of polymer-assisted ultrafiltration (PAUF) for selective retention
and separation of Cu(II) from MSWI fly ash extracts was investigated at laboratory and pilot scale.
The following conclusions can be drawn from these investigations:

• The results from laboratory experiments concerning the heavy metal binding of water-soluble
polymers can be successfully transferred to a pilot scale process. The overall instrumental design
of the PAUF process is quite simple, allowing estimations of the different process stages using
basic equations. This enables an easy scale-up of PAUF processes based on laboratory and
pilot experiments.

• Hyperbranched and ethoxylated PEI with moderate molecular weights are highly suitable for
the selective retention of Cu(II) from fly ash extract. PAUF allows perfect pH control and highly
selective Cu(II) retention in a continuous pilot scale process. In combination with photometric
control, fluctuation of the Cu(II) concentration in the feed solution can be handled, allowing for a
superior process control.

• In PAUF, Cu(II) retention occurs directly in the fly ash extract. The Cu(II) concentration is limited
by the polymer concentration which in turn is efficiently treatable by ultrafiltration. Due to the
very high concentration of interfering ions in MSWI fly ash extracts, a subsequent ultrafiltration
step is needed, in which the fly ash extract is rinsed from the Cu(II) loaded polymer solution.

• Rinsing the polymer solution after the retention stage is an important but laborious step to increase
Cu(II) selectivity. Additionally, thickening the polymer concentrate can be done for an effective
increase of Cu(II) selectivity and overall Cu(II) concentration in the polymer solution. However,
for metal recovery from PAUF concentrates, processes should be used that tolerate remaining fly
ash extract in the concentrate, as rinsing should be minimized as far as possible.

• After regeneration by pH decrease as described in this work, polyethyleneimine can be reused
for Cu(II) retention. A polymer-free Cu(II) concentrate is obtained, which can be used for
metal production.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/12/1662/s1:
Figure S1. Schematic illustration of laboratory ultrafiltration system. Figure S2. pH dependent metal retention
using fly ash extract from MVA Ingolstadt without addition of polymer. Table S1. Average metal concentrations
(>1 mg L−1) of fly ash extracts from MVA Ingolstadt and KEBAG Zuchwil. Chloride concentration of both extracts
is approximately 60 g L−1.
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