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Abstract 

Mutafela, Richard Nasilele (2020). Landfill Mining Approach for Resource 
Recovery from Glass Dumps into the Circular Economy, Linnaeus University 
Dissertations No 381/2020, ISBN: 978-91-89081-50-5 (print), 978-91-89081-
51-2 (pdf). Written in English with a summary in Swedish. 

Landfills and open dumps have been the most cost-effective waste disposal 
option, resulting in over 500,000 landfills and dumps in the EU alone. They 
pose significant environmental and health threats due to emission of toxic gases 
and release of persistent contaminants to soil and groundwater, triggering a 
considerable global economic impact annually. Contrariwise, since they have 
been the ultimate end-of-life sink for materials over time, dumpsites are 
potential secondary resource reservoirs whose recovery could offset their 
impacts. However, resource recovery is impeded by the heterogeneous nature 
and contamination of the wastes, and thus uncertainty about availability and 
efficiency of recovery techniques. This thesis, therefore, proposes techniques 
that could improve excavated material quality and enhance their recovery as 
potential secondary resources for the circular economy. 

Waste from glass dumps in south-eastern Sweden was characterised to evaluate 
safe handling, pre-recycling storage requirements, and suitability for resource 
recovery or disposal. The dumps were mapped with Electrical Resistivity 
Tomography (ERT) before excavation to detect glass locations and enhance 
recovery. Furthermore, metal extraction from the recovered glass was assessed 
using a combination of mechanical activation of the glass and leaching with 
acids and biodegradable chelating agents. The waste required safe pre-recycling 
storage in hazardous waste class ‘bank account’ cells due to hazardous 
concentrations of leachable As, Cd, Pb, Sb and Zn. The waste obtained was 
also highly heterogeneous, although its recycling could not pose any radiological 
risks. However, application of ERT as a pre-excavation tool improved excavated 
material composition and secured a more homogeneous, recyclable fraction 
(>87% glass). Subsequently, leaching of the homogeneous glass fraction 
achieved Pb extraction efficiency of 78%, 64% and 42% for HNO3, EDDS and 
NTA respectively, at low leachant concentrations. The extraction was enhanced 
by the mechanical activation step, as comparison between activated and 
inactivated samples showed a 1200% difference in extraction. 

The findings in this thesis highlight dumped waste as a resource whose recovery 
requires integrating the landfill mining approach with techniques that enhance 
material quality and extraction efficiency to ensure a resource-secure circular 
economy and decontaminated ecosystems.  

Keywords: Resource recovery, landfill mining, hazardous waste, 
hydrometallurgical extraction, geophysical mapping, circular economy 





Sammanfattning 

Deponier och öppna soptippar har varit det mest kostnadseffektiva alternativet för 
avfallshantering, vilket resulterade i över 500 000 deponier och soptippar bara inom 
EU. Dessa utgör stora miljö- och hälsorisker på grund av utsläpp av giftiga gaser 
och frigör föroreningar till mark och grundvatten, vilket årligen skapar betydande, 
globala ekonomiska konsekvenser. Eftersom de har varit det ultimata slutet för 
material över tid, så är deponier och soptippar potentiella, sekundära resursbehållare 
vars återvinning kan kompensera deras negativa effekter. Resursåtervinning hindras 
emellertid av den heterogena naturen hos, och förekommande föroreningar i, 
avfallet, vilket därmed skapar osäkerhet om återhämtnings-teknikernas 
tillgänglighet och effektivitet. Föreliggande avhandling föreslår därför tekniker som 
kan förbättra de utgrävda materialens kvalitet och förbättra deras återvinning som 
potentiella, sekundära resurser i den cirkulära ekonomin. 

Avfall från glas-deponier i sydöstra Sverige karakteriserades för att utvärdera säker 
hantering, uppfylla lagringskrav för återvinning och lämplighet för 
resursåtervinning eller bortskaffande. Deponierna kartlades före utgrävningen med 
Electrical Resistivity Tomography (ERT) för att identifiera platser med homogena 
glasfraktioner och förbättra återvinningen. Vidare utvärderades metallexstraktion 
från det utvunna glaset med användning av en kombination av mekanisk aktivering 
av glaset och urlakning med syror och biologiskt nedbrytbara kelatbildare. Avfallet 
krävde säker återvinnings-lagring i ”bankkonto-celler" för farligt avfall på grund av 
farliga koncentrationer av lakningsbara ämnen såsom As, Cd, Pb, Sb och Zn. Det 
erhållna avfallet var mycket heterogent, men återvinning kunde ändå inte påvisa 
några radiologiska risker. Användningen av ERT som ett identifikationsverktyg 
förbättrade emellertid den utgrävda materialkompositionen och säkerställde en mer 
homogen, återvinningsbar fraktion (>87% glas). Därefter uppnåddes urlakning av 
den homogena glasfraktionen en Pb-extraktionseffektivitet på 78%, 64% och 42% 
för HNO3, EDDS respektive NTA, vid låg lakningsmedel-koncentration. 
Extraktionen förbättrades genom det mekaniska aktiveringssteget, eftersom 
jämförelse mellan aktiverade och inaktiverade prover uppvisade en skillnad på 
1200% i extraktion. 

Resultaten i denna avhandling belyser deponerat avfall som en resurs vars 
återvinning kräver att integrera landfill mining-metoder med tekniker som 
förbättrar materialkvaliteten och utvinningseffektiviteten för att säkerställa en 
resurs-säker cirkulär ekonomi och dekontaminerade ekosystem. 

 

Nyckelord: Återvinning av resurser, gruvdrift, farligt avfall, hydrometallurgisk 
utvinning, geofysisk kartläggning, cirkulär ekonomi 





“Patience can cook a stone.”  
African proverb
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ANOVA Analysis of variance 
CF Course fraction 
DOC Dissolved organic carbon 
EDDS Ethylenediamine disuccinic acid 
ERI Electrical Resistivity Imaging 
ERT Electrical Resistivity Tomography 
FF Fine fraction 
GHG Greenhouse gas 
Hex External hazard index 
IP Induced polarisation 
Iγ Gamma index 
JCPDS Joint Committee on Powder Diffraction Standards 
LFM Landfill mining 
MDA Minimum detectable activity 
MF Medium fraction 
NORM Naturally occurring radioactive material 
NTA Nitrilotriacetic acid 
PSD Particle size distribution 
SEM Scanning electron microscopy 
SEPA Swedish Environmental Protection Agency 
SGU Sveriges geologiska undersökning (Geological Survey of 

Sweden) 
TDS Total dissolved solids 
VOC Volatile organic compound 
XRD X-Ray diffraction 
XRF X-Ray fluorescence 
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1.� Introduction 

Industrialisation and population growth have resulted in increased resource 
consumption and waste generation over time. Before the dawn of stringent 
environmental and waste management regulations around the world, industrial 
and other wastes ended up in landfills and unprotected dumps. Consequently, 
there are over 10,000,000 contaminated sites globally, while in the European 
Union (EU) alone there are over 2,500,000 contaminated sites and over 500,000 
landfills and dumpsites, of which 90% lack environmental protection measures 
(Fedje & Strömvall, 2019; He et al., 2015; Nguyen et al., 2018). In Sweden 
alone, there are over 6,000 closed and operational landfills, including over 40 
highly contaminated glass waste dumps in the south-eastern part of the country 
famously known as ‘Glasriket’ (Kingdom of Crystal) (Hogland et al., 2010; Jani 
& Hogland, 2017; Mönkäre et al., 2016). 
 
Landfills and waste dumps pose significant environmental and human health 
threats. They are sources of anthropogenic gas emissions such as greenhouse 
gases (GHGs), volatile organic compounds (VOCs) and other particulate 
matter, which contribute to air pollution and respiratory illnesses in humans and 
other animals (Hull et al., 2005; Kaczala et al., 2017; Mor et al., 2006). They 
also contribute to surface and groundwater contamination due to runoff and 
leachate percolation (Mor et al., 2006). For the ‘Glasriket’ in particular, with 
nearly 1,000,000 m3 of materials contaminated by tonnes of trace elements like 
As, Cd, Pb and Sb, soil and groundwater contamination have been reported 
(Höglund et al., 2007). In addition, human health exposure to the contaminants 
is documented and associated with consumption of home-grown vegetables and 
dust ingestion (Augustsson et al., 2016; Bacigalupo & Hale, 2012; Hynes & 
Jonson, 1997; Söderberg et al., 2015). These contaminants harm host organisms 
over time as they accumulate. On the other hand, such contamination by heavy 
metals and trace elements impacts the global economy at over US$ 10 billion 
per annum through environmental and health care-related costs (He et al., 2015). 
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Due to such negative effects of landfills and dumpsites, and the increasing waste 
generation, the concept of landfill mining (LFM) has been investigated for 
decades. Krook et al. (2012) defined LFM as a process for extracting minerals 
or other solid natural resources from waste materials that have been previously 
disposed of by burying in the ground. Purposes of LFM could include 
conservation of landfill space, reduction in landfill area, elimination of a 
potential or mitigation of an existing source of contamination, energy and 
materials recovery, management system costs reduction, and site 
redevelopment (Hogland et al., 2004). Of these, energy and materials recovery 
are not prioritised in most LFM investigations, partly due to contamination and 
the heterogeneous nature of excavated wastes (del Valle-Zermeño et al., 2017).  
 
Energy and materials recovery need to be incorporated in LFM processes, as 
landfills and dumpsites are not only environmental and public health burdens, 
but also potential secondary stocks and resource reservoirs for future recovery 
of valuables (Bhatnagar et al., 2017). These resource reservoirs could be 
potential sources of secondary raw materials as primary raw material stocks 
diminish globally, since in some cases the minerals they contain could be at 
similar levels as those in natural ores (Machiels et al., 2016; Masi et al., 2014; 
Spooren et al., 2013). For instance, it is estimated that over 300,000,000 tonnes 
of copper are currently contained in landfills and other waste repositories 
globally, corresponding to more than 30% of the remaining reserves in known 
ores (Frändegård et al., 2013; Kapur & Graedel, 2006). In addition, other trace 
elements could be targets for recovery, such as Sb, As, Cd and Pb in ‘Glasriket’ 
dumps, which have been identified as high supply risk due to their low recycling 
rates, limited number of substitutes and being almost exclusively mined as by-
product metals (British Geological Survey, 2015). Furthermore, waste dumps 
also contain significant amounts of combustibles for energy generation and 
other recyclables like construction materials (Frändegård et al., 2013).  
 
The solution to the concept of contamination and waste dumps should not be 
pursued in isolation since the phenomenon affects environmental, social and 
economic aspects on a global scale. Instead, synergies and trade-offs should be 
identified between the need for remediation and resource recovery potential of 
waste dumps. Circular economy thinking and sustainability need to be 
embedded in decisions and practices concerning such topics as waste dumps. 
Hence, this thesis focuses on LFM and resource recovery potential from old 
contaminated crystal glass dumps in south-eastern Sweden. 
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1.1.� Aims and scope 
The overall aim of this thesis was to increase knowledge about the potential for 
recovery of secondary resources from contaminated glass waste dumps into the 
circular economy using the landfill mining approach. Focus was given on 
dumpsite mapping before excavation, characterisation of excavated waste, and 
extraction of trace elements from the waste. The specific objectives were to: 
 

1.� Evaluate excavated waste handling and storage requirements, as well 
as its recycling potential or disposal alternatives (Papers I and II). 

2.� Investigate the potential to detect buried glass hotspots in order to 
acquire ‘homogeneous’ glass material for metal extraction processes 
(Paper III). 

3.� Assess the potential for metal extraction from crystal glass waste using 
low-energy hydrometallurgical processes (Papers IV and V). 

 
Material composition (waste fractions and trace elements), leaching potential 
and other physico-chemical characteristics were assessed in Papers I and II for 
planning and implementation of appropriate material handling and valorisation 
alternatives with focus on potential environmental and human health threats. In 
Paper III, Electrical Resistivity Tomography (ERT) was used to map the 
dumpsites, in order to enhance the quality of excavated glass fraction, and thus 
minimise the need for complicated sorting steps such as those required for 
heterogeneous materials. In Papers IV and V, mechanical activation of glass 
samples was used as the pre-leaching step in order to enhance metal extraction 
in the low-energy glass leaching steps using acid and chelating agents. 
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2.� Background and thesis framework 

2.1.� Historical glass production and current status 
of ‘Glasriket’ 

The ‘Glasriket’ in Småland region is famous for its historical crystal glass 
production. In glass-making, up to five categories of raw materials are used, 
namely glass network formers, fluxes, property modifiers or stabilisers, fining 
agents and colourants, of which metal oxides form an integral part (Hynes & 
Jonson, 1997; Shelby, 2005). They are hereby discussed mainly from a 
historical context. Network formers are the primary source of the glass structure, 
and thus the basis of the generic name by which a glass type is identified 
(Shelby, 2005). The main ones include silica (SiO2), phosphoric oxide (P2O5) 
and boric oxide (B2O3), while others may be circumstantial network formers 
such as arsenic trioxide (As2O3) (Hermelin & Welander, 1986; Shelby, 2005). 
Fluxes are metal oxides used to reduce the high melting temperature (> 2000 
°C) to lower, more practical limits (< 1600 °C), such as sodium oxide (Na2O) 
(Shelby, 2005). Property modifiers or stabilisers are metal oxides that disrupt 
the glass network, and are thus used to lower the viscosity of the glass melt to 
facilitate fabrication or mouldability (Larsson et al., 1999; Le Bourhis, 2014). 
Fining agents, on the other hand, produce a bubble-free melt with uniform 
composition and temperature, such as As2O3 and antimony trioxide (Sb2O3) 
(Hynes & Jonson, 1997; Le Bourhis, 2014). Lastly, colourants and/or 
decolourants are used in small quantities to control the final glass colour 
(Shelby, 2005). For instance, undesirable colours due to impurities can be 
controlled to colourless by addition of As2O3, magnesium oxide (MgO), nickel 
oxide (NiO), etc (Larsson et al., 1999). 
 
For historical Swedish crystal glass, the raw materials generally used are 
presented in Table 1. There were two types of lead crystal glass based on lead 
oxide (Pb3O4) composition (> 24% and < 10%) (European Community, 1969; 
Larsson et al., 1999).  These and other metal oxides, through discarded raw 
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material batches and other factory wastes (crushed glass, furnace and 
demolition waste, grinding and acid sludges, etc), were mostly disposed of in 
unprotected waste dumps around factory premises (Södergerg et al., 2019). As 
such, areas around former glass factories in ‘Glasriket’ are highly contaminated 
with heavy metals and metalloids. A study of 22 such factory waste dumps 
estimated the volume of contaminated materials (soil and glass waste) at 
420,000 m3 and As, Cd and Pb at 420 tonnes, 30 tonnes and 3,100 tonnes, 
respectively (Höglund et al., 2007). Alsterfors glass waste dump (one of the 
study sites in this thesis), for instance, has been associated with a high annual 
infiltration rate of contaminants to groundwater and surface water i.e. the 
Alsterån River (ibid). Due to these environmental and health exposure threats, 
therefore, such contaminated sites in Sweden have been recommended for 
remediation (Hogland et al., 2010). For the ‘Glasriket’ in particular, the 
contamination status has attracted remedial actions from the Swedish 
government, environmental agencies and other stakeholders.              
 
Table 1 Raw materials in Swedish glass production (modified from Larsson et al., 1999). 
 
Raw material Formula/Description Function 
Sand SiO2 Network former  
Borax Na2B4O7·10H2O Supplement to sand 
Boric acid H3BO3 Supplement to sand 
Soda Na2CO3 Flux 
Potash K2CO3 Flux 
Limestone CaCO3 Modifier/stabiliser 
Lead oxide Pb3O4 Modifier/stabiliser 
Saltpetre KNO3 Fining agent 
Arsenic trioxide As2O3 Fining agent 
Antimony trioxide Sb2O3 Fining agent 
Cryolite Na3AlF6 Fining agent/opal glass additive 
Fluorite CaF2 Fining agent/opal glass additive 
Other metal salts Au, Cd, Co, Cr, Mn, U, etc Colourants 
Cullet Discarded glass Improve batch quality 

2.2.� Current remediation model in ‘Glasriket’ 
The Geological Survey of Sweden (SGU) has been undertaking remediation of 
old glass dumpsites in collaboration with county administrative boards and 
municipalities. The sites are excavated one after another and the materials are 
re-landfilled in engineered landfills as shown in Fig. 1, motivated by the need 
to eliminate or mitigate the contamination problem in the region. Similarly, over 
fifty LFM projects have been carried out over the years globally, but very few 
have used an integrated approach of solving a local contamination problem 
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while recovering recyclable materials from the landfill (Frändegård et al., 
2013). This could be attributed to uncertainties of LFM concerning its revenue 
potential, particularly uncertainties about waste composition, availability and 
efficiency of material processing technologies, markets for the recovered 
materials, and the associated environmental and public health risks (Baas et al., 
2010). Therefore, potential secondary metals from the waste are lost while the 
contamination problem is shifted to other sites through re-landfilling. The 
model promotes linear flow of materials as opposed to circular material flow 
which is encouraged in the sustainability transition (Graedel & Lifset, 2016). 
 

 
 
Figure 1 The linear material flow-based remediation model of excavation and re-landfilling 
of the materials, as practiced in ‘Glasriket’ currently. 

2.3.� Proposed remediation and resource recovery 
model 

This thesis proposes a model that contributes to the model in Fig. 1 by keeping 
excavated materials from landfilling. It combines remediation with resource 
recovery from excavated waste in the ongoing excavations in ‘Glasriket’, as 
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Figure 2 Proposed circular material flow-based remediation model that combines landfill 
mining with materials decontamination and resource recovery for contribution into the 
Circular Economy. 
 

2.3.1.� Waste characterisation 
Successful planning and implementation of the remediation and resource 
recovery model proposed in Fig. 2 requires a thorough understanding of the 
quantities and qualities of the dumped wastes (Edjabou et al., 2015). This entails 
careful site investigation involving dump operational history, dimensions, 
topography, physical characteristics and waste type (Hogland et al., 2018). 
Therefore, waste characterisation focuses on parameters that indicate 
environmental conditions in a dump, degree of degradation, and quantities of 
reclaimable fractions for selection and design of reuse, recycling, treatment and 
disposal options (Hull et al., 2005). The knowledge generated is also important 
in determining technical and economic feasibility of LFM. In renewable energy 
investigations, for instance, landfill methane generation potential has been 
modelled based on waste composition, age and quantity (Mor et al., 2006), 
which is obtained through waste characterisation studies. 
 
Of particular importance to waste characterisation in this thesis is the fine 
fraction (particle size < 11.3 mm) of excavated waste. The fine fraction (FF) is 
usually the most abundant fraction (can be over 70%) in LFM studies, and is 
the most challenging to sort due to its small size and complex mix of materials 
(Drummond III, 2011). In addition, this fraction usually has the highest 
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concentration of heavy metals (concentration increases with decrease in particle 
size), which makes its recycling difficult and thus it ends up in landfills (del 
Valle-Zermeño et al., 2017). Unfortunately, there is limited information about 
physico-chemical properties and recycling alternatives of FF from glass dumps 
in Sweden (Jani et al., 2016). Therefore, its study is important. 
 
When recycling and/or resource recovery from this fraction is planned, the 
materials need to be stored under controlled conditions to minimise 
environmental hazards posed from leaching of metal contaminants to soil, 
surface and groundwater (Spooren et al., 2013). For Swedish glass waste which 
has been undergoing rapid excavation and re-landfilling (Paper I), there is need 
for such temporal storage in ‘bank account’ storage cells for future use when 
resource recovery and decontamination processes are fully developed. 
Therefore, waste characterisation has been very vital in deciding appropriate 
storage conditions as per local and international environmental regulations. 
 
Waste characterisation involves waste sieving and sorting to understand waste 
composition and particle size distribution. It also involves analysing metal 
quantities in the excavated materials for both decontamination and recovery 
processes. Lastly, leaching investigations are done on the waste fractions to 
predict the potential risks of contaminants leaching from the materials during 
handling, storage or disposal. 
 

2.3.2.� Geophysical mapping 
During on-going remedial excavations in ‘Glasriket’, waste fractions are mixed 
heterogeneously and require complicated sorting mechanisms to obtain the 
glass fraction for metal extraction processes. This is expected as dumped 
materials are heterogeneous. However, it is assumed that glass dumps contain 
glass ‘hotpot’ locations scattered randomly around the dump, that could be 
identified and carefully excavated to obtain a more homogeneous glass fraction 
for metal extraction. Geophysical methods could be useful as they are famous 
for locating subsurface features in landfill investigations based on electrical 
properties of each material (Abdulrahman et al., 2016; Bernstone et al., 2000; 
Çınar et al., 2015; Dumont et al., 2017; Pomposiello et al., 2012; Zarroca et al., 
2015). Electrical Resistivity Tomography (ERT) in particular can measure and 
map electrical resistivity of each buried material based on Ohm’ Law (Dahlin 
et al., 2010; Loke et al., 2010), which defines resistivity of a material as the 
resistance to the flow of electric current between opposite faces of a unit cube 
of the material, as expressed in Equation 1 (Reynolds, 2011): 
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where ρ is the resistivity in Ωm, V and I are the potential difference across the 
cube and the current passing through it respectively, A and L are the cross-
sectional area and length of the cube respectively. 
 
In an ERT survey, current is injected into the ground between two electrodes (A 
and B) acting as a point source/sink and then the potential difference is 
measured between two other electrodes (M and N) on a survey line as shown in 
Fig. 3 (Binley, 2015; Powers et al., 1999). Since the earth’s surface is not 
homogeneous, the resistivity obtained from the survey is ‘apparent resistivity’, 
and is expressed as: 
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where AM is the distance between electrodes A and M, BM is the distance 
between electrodes B and M, etc (Binley, 2015). 
 
The geometric factor in Equation 3 is given as such since there are different 
electrode configurations that can be used for ERT, and Fig. 3 where distances 
between each pair of electrodes are equal (i.e. Wenner Configuration) is just 
one of them (Milsom & Eriksen, 2011). 
 

 
 
Figure 3 A depiction of electrode configuration during an ERT survey with electrode spacing 
distance of ‘a’ meters. Current electrodes (A and B) are connected to a current transmitter 
(I) and potential difference electrodes (M and N) are connected to a voltmeter (V) (Binley, 
2015).  
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Once the ‘apparent resistivity’ (ρa) in Equation 2 is obtained from a survey, an 
estimate of the true resistivity of the subsurface is modelled through a software-
based inversion process (Dahlin & Zhou, 2006; Loke et al., 2010; Petrit et al., 
2018). Afterwards, obtained results of dump resistivity profiles could be used 
to guide excavations. 
 
Electrical properties of materials differ naturally, and material resistivity in 
particular varies greatly due to different modes of conductivity and other factors 
like porosity, saturation and pore fluid type (Archie, 1942; Clayton et al., 1995; 
Palacky, 1987; Wang et al., 2015). For instance, clay materials experience 
colloidal conductivity due to their electrically charged surfaces, metallic 
minerals conduct electric current by their free electrons, while porous materials 
like sediments and sedimentary rocks experience electrolytic conductivity 
(conduction by pore fluid ions) (Petrit et al., 2018). Therefore, glass resistivity 
should be considerably distinguishable from other materials, and should hence 
be identifiable prior to excavations, which could lead to acquisition of a more 
homogeneous glass fraction.  
 

2.3.3.� Hydrometallurgical metal extraction 
Metal extraction is vital to obtain secondary metals and decontaminated glass 
that can be contributed to other industrial applications in the circular economy, 
as outlined in Fig. 2. Crystal glass is a structurally stable material, such that 
metals and trace elements cannot be extracted under normal conditions. 
Therefore, high temperature (normally up to 1200 °C) processes like reduction-
melting have instead been applied on crystal glass waste (Jani & Hogland, 
2017). Besides being energy-intensive, reduction-melting also poses threats of 
potential toxic emissions, moreover its economic feasibility has not been 
assessed. Instead, metal extraction can potentially be achieved by low energy 
hydrometallurgical processes using acids and chelating agents, which are 
enhanced by mechanical activation of the glass as a pre-extraction step. 
 
During mechanical activation, external mechanical forces are exerted on the 
glass to destabilise the particles and change their energy state, thus increasing 
reaction capabilities of the glass (Ceganac et al., 2003). Hence, the destabilised 
ions can be easily extracted during leaching with acids and other chelating 
agents (Baláž, 2008; Tan et al., 2016). The method improves technological 
processes significantly, including metal extraction from different glass types, 
and is thus of exceptional importance in extractive metallurgy and mineral 
processing (Sasai et al., 2008; Baláž, 2011; Yuan et al., 2012; Singh et al., 
2016). On the other hand, hydrometallurgical extraction could also be used on 
other unrecyclable fractions (especially FF) to decontaminate them before final 
disposal. 
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3.� Materials and methods 

3.1.� Study sites 
3.1.1.� Alsterfors glass factory dumpsite 
Alsterfors glassworks is situated about 70 km from Kalmar, in Uppvidinge 
Municipality, south-eastern Sweden (56°57'33.6"N 15°36'13.5"E). It is located 
along the Alsterån River in a moraine region with granite as the main underlying 
bedrock and an estimated soil depth of 3 – 10 m (SGU, 2019). The factory 
produced packaging glass, fibre glass and art (including crystal) glass between 
1886 and 1980, when it was shut down (Hermelin & Welander, 1986). The glass 
factory site covers about 16,000 m2, which includes about 6,800 m2 of 
contaminated surface and approximately 5,200 m3 of buried and exposed glass 
and other wastes (Höglund et al., 2007). According to the County 
Administrative Board, Alsterfors is a high-risk site ranked fourth out of thirty 
eight high-risk objects in Kronoberg County, due to high concentrations of As 
and Pb (Länsstyrelsen Kronoberg, 2018). 
 

3.1.2.� Orrefors glass factory dumpsite 
Orrefors glassworks is situated about 50 km from Kalmar, in Nybro 
Municipality, south-eastern Sweden (56°50'36.0"N 15°44'46.9"E). The factory 
was active from 1898 to 2012 and produced crystal glass and other types of 
household glass. Glass and other waste from the factory were mainly disposed 
of at a dump near the factory, although in later years some glass waste was 
dumped at Madesjö glass dump (section 3.1.3). Orrefors glass dump covers an 
area approximated at 4,000 m2,  and contains about 5,600 m3 of contaminated 
soil, glass and other factory wastes such as raw material remnants, demolition 
waste, metallic and other wastes (Höglund et al., 2007). With As and Pb as the 
major contaminants, this site is also designated as high-risk by the County 
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Administrative Board and is ranked ninth out of thirty nine high-risk objects in 
Kalmar County (Länsstyrelsen Kalmar, 2019). 
 

3.1.3.� Madesjö glass dump 
Madesjö glass dump is located about 35 km from Kalmar, also in Nybro 
Municipality, south-eastern Sweden (56°44'45.9"N 15°52'13.9"E). The site is 
situated in a forest area about 200 m away from the nearest residential area, and 
lies in a moraine region with granite bedrock (SGU, 2019). It has a small stream 
on its southern part flowing west-ward and another on its north-west part 
flowing south-west. The site was initially a dump for municipal solid waste 
(MSW) between 1960 and 1969, but later glass waste mainly from Orrefors 
glass factory began to be dumped there. The entire dumpsite area is estimated 
at 38,500 m2, but the actual glass waste heap (referred to as Madesjö glass 
dump) covers about 2,800 m2. The glass dump is also a high-risk object due to 
hazardous constituents of the glass waste, according to the Kalmar County 
Administrative Board (Länsstyrelsen Kalmar, 2019). 

3.2.� Waste characterisation 
3.2.1.� Excavation and sampling 
Test pits (TPs) were excavated using a 5-tonne excavator to enable sampling of 
dumped wastes at different layers (Papers I, II and III) and to verify results of 
geophysical surveys (Paper III). At each site, the top 15 – 20 cm soil layer was 
preserved for later use as cover material after sampling and closing of TPs. For 
each TP, materials excavated from every 1 m depth (0.5 m in exceptional 
circumstances) were stockpiled separately for sampling as shown in Fig. 4. In 
addition, each excavated depth interval was verified using a long ruler to ensure 
materials matching with associated stockpiles. Materials were sampled 
according to the Nordtest Method NT ENVIR 004-1996/05, and the samples 
collected per stockpile ranged between 20 kg and 100 kg (uniform at each site) 
depending on study site and settings. Stockpiled materials were returned to their 
respective TPs after sampling, and the top 15 – 20 cm soil layer was returned to 
restore each site as much as possible. 
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Figure 4 Materials excavated from test pits and stockpiled for sampling at (a) Älghult glass 
factory dump and (b) Madesjö glass dump 
 
Sampling in Papers II, IV and V was done differently. For radiometric 
measurements (Section 3.2.4), six different 1 kg samples of yellow, green, 
black, blue, white and red glass were collected randomly from the glass dump 
in Fig. 4b. These samples were milled, sieved, homogenised and 100 g of each 
homogenised sample was packed in a sample container and vacuum-sealed to 
avoid Rn emanation. For metal extraction studies, different crystal glass articles 
(bowls, candle holders, etc) were also collected randomly around the glass 
dump and processed according to the procedure in Section 3.4. 
 

3.2.2.� Waste composition and particle size analyses 
Waste composition and particle size distribution in Papers I, II and III were 
obtained through sieving and hand-sorting of the excavated samples. Sieving 
was done using a laboratory sieve shaker mounted with sieves ranging between 
2 mm and 63 mm mesh sizes. The resulting size fractions were categorised as 
coarse (> 31.5 mm), medium (11.3 – 31.5 mm) and fine (< 11.3 mm) fractions, 
referred to as CF, MF and FF respectively, in this thesis. After sieving, the 
materials in each size fraction were hand-sorted and categorised according to 
conditions in each dump (or each paper). In Paper II, for instance, they were 
categorised into glass, demolition (concrete/cementitious/ceramic material), 
organic, soil/stones and residual (metals, plastics, etc). For FF materials 
(especially the fraction < 8 mm), hand-sorting involved use of magnifying 
lenses. To obtain mass balance in each case, the samples were weighed before 
sieving, after each complete sieving round per particle size category, and after 
hand-sorting. All calculations were done on wet weight basis and in triplicates. 
 

3.2.3.� Leaching tests 
Leaching tests in Papers I and II were done on the FF according to the Swedish 
Standard method for characterisation of waste (SS-EN 12457-4), although the 
particle size requirement was modified from the standard < 10 mm to < 11.3 
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mm. Leaching was done with deionised water at room temperature and 
according to the standard liquid to solid ratio (10 l kg-1). In Paper I, leaching 
was done in 50 ml tubes using an ELMI Rotamix (RM1) while in Paper II it 
was done in 2 l bottles using a Heidolph Reax 20 overhead shaker, but in both 
cases the samples were agitated at 10 rpm for 24 hours ± 30 min. Afterwards, 
the samples were centrifuged, filtered with 0.45 μm filters and analysed for 
trace elements as described in Section 3.2.5. 
 

3.2.4.� Radiometric measurements 
Radiometric measurements involved external dose rate and gamma 
measurements. Gamma measurements on the samples were performed after 3 
weeks of storage to ensure secular equilibrium between 226Ra and its decay 
daughters 214Bi and 214Pb (Paper II). They were done using a Germanium 
coaxial detector (XtRa) with 1.76 keV resolution and low background levels 
due to passive shielding of old Pb and an active shielding made with an organic 
scintillation detector (Bicron BC-418) operating in anti-coincident mode with 
the Germanium detector. External dose rate measurements, on the other hand, 
were performed using a handheld detector (Automess 6150AD) and a mobile 
detection system (Lanthanum Bromide Scintillator) as shown in Fig. 5. The 
Automess detector had a scintillator probe (Range 100 nSv h-1 – 10 mSv h-1) 
connected for precise measurements, while the Lanthanum Bromide detector 
had connections to a GPS receiver and a laptop with software (Swedish 
Radiation Safety Authority) to integrate dose rate and GPS data in the creation 
of dose maps. 
 

 
 
Figure 5 External dose rate measurements at Madesjö glass dump using two detection 
systems; (a) Automess 6150AD (hand-held detector) and (b) Lanthanum Bromide Scintillator 
(mobile ‘backpack’ detection system). 
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Results obtained from radiometric measurements were evaluated in terms of 
potential radiological risks of recycling the waste, particularly as building 
material aggregates. The evaluation was further based on two radiological 
parameters, both of them accounting for 226Ra (Radium), 232Th (Thorium) and 
40K (Potassium), which are the main natural gamma emitters. The first one is 
the External Hazard Index (Hex) (Beretka & Mathew, 1985): 
 
��� � ���� ���� �  ��!" #$%� �  ��& '()�� �                                                          (4) 
 
 
The second one is the Gamma Index (Iγ) (European Commission, 1999): 
 
*+ � ���� ���� �  ��!" #��� �  ��& ����� �                                                               (5) 
 
where CRa, CTh and CK in both equations represent the average activity 
concentrations of 226Ra, 232Th and 40K respectively.  
 

3.2.5.� Other analytical procedures 
Different analyses were done on FF materials depending on study settings. 
Sample trace element content was analysed on dry basis using a portable X-Ray 
Fluorescence (XRF) analyser Olympus DS-4000 (Innov-X). Dissolved Organic 
Carbon (DOC) and Fluorides (F−) were determined using DR Lange cuvettes 
digested in a DR Lange digester (HT200S) and analysed using a DR Lange 
Spectrophotometer (DR 5000). Total Dissolved Solids (TDS) were determined 
using the Gravimetric method 8163 (Hach Lange) while moisture content was 
determined according to the Swedish Standard method SS-EN 14346:2007. A 
portable pH meter (Radiometer PHM 210) was used for pH measurements. 
Trace elements in leachate in Papers I and II were analysed by Inductively 
Coupled Plasma – Mass Spectrometry (ICP-MS) while in Papers IV and V 
they were analysed by Inductively Coupled Plasma – Optical Emission 
Spectrometry (ICP-OES) using an iCAP 6500 spectrometer (Thermo 
Scientific). 

3.3.� Geophysical mapping of dumps 
3.3.1.� Global Positioning System (GPS) mapping 
Initial site mappings were done using Global Positioning System (GPS) to 
determine exact locations of each site. Obtained coordinates were evaluated 
using SWEREF 99TM (Swedish Reference System) for horizontal projection and 
RH2000 (National Height Measurement System) for vertical elevation. The 
sites were mainly mapped with the help of environmental management 
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personnel from the municipalities, and partly based on old glassworks data. The 
data generated was essential for the geophysical mapping step. 
 

3.3.2.� Electrical Resistivity Tomography (ERT) Surveys 
ERT surveys were conducted at Alsterfors and Madesjö glass dumps (Paper 
III), as well as Orrefors glass factory dumpsite. They were achieved using an 
ABEM Terrameter LS (a multi-channel resistivity-IP (Induced Polarisation) 
instrument), an Electrode Selector ES10-64C and a set of multi-core electrode 
cables as shown in Fig. 6. Due to extremely high resistive surface layers, and 
thus the need to reduce the likelihood for capacitive coupling in the cables, 
separated electrode cable spreads were used for current transmission and 
potential measurement, to optimise the data quality (Dahlin & Leroux, 2012). 
As shown in Fig. 6a, two electrode cables were connected to the Terrameter and 
two to the Electrode Selector, with every other electrode connected to each. 
Using multiple gradient array as the electrode configuration (Dahlin & Zhou, 
2006), up to 82 stainless steel electrodes were inserted into the ground at an 
inter-electrode spacing of 1 m, a spacing small enough to achieve good 
horizontal and vertical image resolution in shallow dumps (Dahlin & Zhou, 
2004). In order to transmit sufficient current for good signal strength, electrode 
contact resistance was always reduced by applying a gel (Johnson Revert 
Optimum) between an electrode and the ground. In extreme cases of contact 
resistance, an extra electrode would be added to generate double ground contact 
for a single contact point on the cable, which improved ground contact 
considerably. The equipment was set out at Alsterfors and Madesjö glass dumps 
as shown in Fig. 6b and 6c respectively, from which ERT profiles were 
generated to guide excavations. 
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Figure 6 (a) Sketch of separated electrode cable spreads used for the survey, and cables and 
electrodes setup along profile lines at (b) Alsterfors and (c) Madesjö (Reproduced from 
Paper III). 
 

3.3.3.� ERT data inversion, interpretation and visualisation 
After ERT surveys, the data obtained was inverted, results interpreted and the 
obtained resistivity profiles visualised. Firstly, the obtained apparent resistivity 
pseudo sections were checked for data outliers, and noisy data points were 
eliminated using the Terrameter LS Toolbox software. To obtain an estimate of 
true subsurface resistivity distributions, the ERT resistivity data was inverted 
using the inversion software RES2DINV (Loke, 1999). The robust inversion 
(L1 norm) option was chosen instead of the least-squares (L2 norm) 
optimisation method as robust inversion can handle large resistivity contrasts 
better (Loke et al., 2003). Secondly, the true subsurface resistivity distributions 
obtained after inversion were interpreted based on observations from the 
excavated TPs and literature-based resistivity values commonly observed to be 
registered by different waste fractions in similar landfill mapping studies. Most 
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importantly, the resistivity of buried glass was based both on literature values 
of glass resistivity and on findings from the investigation at Madesjö glass waste 
dump, since it was a whole glass heap with around 95% glass composition 
(Paper II) that could register resistivity from glass without much interference 
from other materials (5%). Finally, the interpreted resistivity profiles were 
combined into fence diagrams (three-dimensional (3D) resistivity profile 
images) using the software EriViz 1.0 (Lund University). 

3.4.� Metal extraction 
3.4.1.� Sample treatment and characterisation 
The crystal glass samples in Papers IV and V were initially crushed to smaller 
pieces and then milled in a planetary ball mill (Retsch S100, Germany) with an 
agate jar and agate balls for 30 seconds to obtain glass samples sized < 125 µm. 
The milled samples were oven-dried at 105 °C for 24 hours ± 30 min and 
analysed for trace element contents as described in Section 3.2.5. In each case, 
40 g of the milled, dried sample was placed in a 250 ml jar with 10 balls of 15 
mm diameter for mechanical activation. The samples were mechanically 
activated for a total of 180 min (in 15 min intervals) at 500 rpm and 600 rpm in 
Papers IV and V, respectively. The activated samples were then oven-dried at 
105 °C for 24 hours ± 30 min. The particle sizes of pulverised and activated 
glass samples were determined using a Zeta Potential and Submicron Particle 
Size Analyser (DelsaTM Nano C, Beckman Coulter) while their specific surface 
area, pore size distribution and pore volume were determined by the Brunauer-
Emmett-Teller (BET) method using an Accelerated Surface Area and 
Porosimetry System (ASAP 2020, Micromeritics). The morphologies of the two 
sample categories were analysed by Scanning Electron Microscopy (SEM) 
using a Zeiss Ultra 55 SEM. 
 

3.4.2.� Acid leaching and kinetic studies 
Acid leaching of activated glass samples in Paper IV was performed using 
analytical grade HNO3 (Sigma-Aldrich) at 0.5M, 1M and 3M concentrations, 
and each acid concentration was leached at 25 °C, 70 °C and 95 °C. In each 
experiment, 2 g of activated sample was agitated with 500 ml HNO3 in 1 L 
flasks for 12 h, and 10 ml samples were collected from the flasks at 0.5 h, 1 h, 
2 h, 6 h and 12 h time points to understand the leaching kinetics of the glass 
samples. The 10 ml samples were centrifuged, filtered and analysed for trace 
element contents as described in Section 3.2.5. Metal extraction efficiency (%) 
was then expressed according to Equation 6 (Wuana et al., 2010): 
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where Cl and Cs are the metal concentrations in supernatant (mg l-1) and glass 
(mg kg-1) respectively; Vl is the volume of supernatant (l) and ms is the dry 
mass of the glass samples (kg). 
 

3.4.3.� Metal chelation studies 
In Paper V, trace elements were extracted from activated glass samples using 
Ethylenediamine disuccinic acid (EDDS) and Nitrilotriacetic acid (NTA) from 
Sigma-Aldrich, each at 0.05 M, 0.4 M, 0.525 M, 0.8 M and 1 M concentrations 
and each concentration leached for 2 h, 8 h, 13 h, 18 h and 24 h, according to 
the Box-Wilson experimental design. In each experiment, 0.5 g of activated 
glass sample was agitated in 60 ml of EDDS or NTA in 100 ml flasks using a 
shaking water bath (Grant OLS200) at 25 °C and 150 rpm. After leaching, the 
samples were centrifuged, filtered, analysed for trace element contents and 
extraction efficiency (%) computed according to Equation 6. 
 

3.4.4.� Sulfidation 
Prior to sulfidation (generation of PbS from leached Pb) in Paper IV, the 
change in metal availability caused by the mechanical activation process was 
assessed by agitating 2 g each of milled and activated glass samples in 40 ml 
deionised water at room temperature, for 150 min. For sulfidation, 2 g of 
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4.� Results and discussions 

4.1.� Waste characterisation 
Waste characterisation is vital in waste management for identification of 
suitable material sorting techniques (Spooren et al., 2013) and applicable waste 
processing technologies (metal extraction in this case). Results from 
quantification of trace elements in waste, particle size distribution, waste 
composition, waste leaching potential and radiometrical characteristics are 
presented in the following sub-sections. 
 

4.1.1.� Trace element concentration 
The range of trace element concentrations in all the Papers are shown in Table 
2 in comparison with Swedish limits for hazardous waste (Avfall Sverige, 
2007). In Paper I, they were analysed in FF (soil-glass mix) across the dump, 
whereas in Papers II – V they were analysed in the glass fraction. Overall, the 
maximum concentration of the elements As, Ba, Cd, Pb, Sb and Zn were higher 
than their respective hazardous waste limits. The contaminants concentration 
was higher in the glass fraction than soil fraction. On one hand, this indicated 
relative stability of the glass waste (i.e. limited leaching of contaminants over 
time). On the other hand, since raw material batches were also dumped during 
glass production years (Söderberg et al., 2019), the results indicated that 
contaminants from the soil may have leached to lower levels over time. In this 
case, the glass in the FF was mainly responsible for the higher trace element 
concentrations observed. The wide ranges of contaminants also showed that the 
dumps are highly heterogeneous in terms of contamination. Conversely, the 
trace element contents were reflective of the uses of metal oxides in glass 
production, for instance, at least 0.4%, 24% and 1.5% of As, Pb and Zn 
respectively were incorporated in the production (Hynes & Jonson, 1997). 
However, trace elements concentration also indicated potential for recovery as 
secondary metals. 
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Table 2 Trace element concentrations compared with Swedish limits for hazardous waste 
(Avfall Sverige, 2007). 
 

Element Concentration ranges (mg kg-1) 
in Papers I – V 

Swedish hazardous waste limits 
(mg kg-1) 

As* 13 – 22,769 1,000 
Ba* 542 – 2,474 100 
Cd* < LOD – 3,090 100 
Co 50 – 53 100 
Cr 28 – 43 1,000 
Cu < LOD – 955 2,500 
Mn 74 – 85 n.s. 
Mo < LOD 10,000 
Ni 1,218 – 1,409 2,500 

Pb* 54 – 415,576 2,500 
Sb* 725 – 11,915 10,000 
Si 539,141 – 555,217 n.s. 

Zn* 43 – 14,320 2,500 
* Trace elements with hazardous concentrations; LOD is ‘Limit of Detection’; n.s. is ‘not 
specified’ 
 

4.1.2.� Waste composition and particle size distribution 
The waste PSD varied among different samples, but in all the dumps it averaged 
39 ± 5%, 25 ± 6% and 35 ± 8% for CF, MF and FF respectively. However, they 
were within the ranges commonly observed in landfill waste characterisation 
studies, where CF, MF and FF have ranged between 24 – 59%, 21 – 30% and 
14 – 74% respectively (Hogland et al., 2004; Jani et al., 2016; Mönkäre et al., 
2016). PSD differs from study to study as it is influenced by study-specific 
factors such as waste type, age and sampling or excavation procedure (Jani et 
al., 2016). Amount and composition of FF is usually the main source of concern 
in most studies, as its heterogeneity and small particle sizes render recycling 
challenging.  
 
Waste composition, on the other hand, was aggregated according to three 
different dump and sampling scenarios. The first was from a dump with buried 
waste, excavated and sampled randomly without pre-mapping (Paper I). The 
second was sampled from an open dump with exposed glass waste (Paper II). 
The third was from another dump with buried waste, but excavated and sampled 
cautiously after ERT mapping (Paper III). As shown in Table 3, waste 
composition from random sampling was dominated by glass and demolition 
fractions at ratio of 1:1, which presented sorting challenges for recovery of glass 
and other fractions for valorisation. In LFM studies generally, excavated waste 

27 

Table 2 Trace element concentrations compared with Swedish limits for hazardous waste 
(Avfall Sverige, 2007). 
 

Element Concentration ranges (mg kg-1) 
in Papers I – V 

Swedish hazardous waste limits 
(mg kg-1) 

As* 13 – 22,769 1,000 
Ba* 542 – 2,474 100 
Cd* < LOD – 3,090 100 
Co 50 – 53 100 
Cr 28 – 43 1,000 
Cu < LOD – 955 2,500 
Mn 74 – 85 n.s. 
Mo < LOD 10,000 
Ni 1,218 – 1,409 2,500 

Pb* 54 – 415,576 2,500 
Sb* 725 – 11,915 10,000 
Si 539,141 – 555,217 n.s. 

Zn* 43 – 14,320 2,500 
* Trace elements with hazardous concentrations; LOD is ‘Limit of Detection’; n.s. is ‘not 
specified’ 
 

4.1.2.� Waste composition and particle size distribution 
The waste PSD varied among different samples, but in all the dumps it averaged 
39 ± 5%, 25 ± 6% and 35 ± 8% for CF, MF and FF respectively. However, they 
were within the ranges commonly observed in landfill waste characterisation 
studies, where CF, MF and FF have ranged between 24 – 59%, 21 – 30% and 
14 – 74% respectively (Hogland et al., 2004; Jani et al., 2016; Mönkäre et al., 
2016). PSD differs from study to study as it is influenced by study-specific 
factors such as waste type, age and sampling or excavation procedure (Jani et 
al., 2016). Amount and composition of FF is usually the main source of concern 
in most studies, as its heterogeneity and small particle sizes render recycling 
challenging.  
 
Waste composition, on the other hand, was aggregated according to three 
different dump and sampling scenarios. The first was from a dump with buried 
waste, excavated and sampled randomly without pre-mapping (Paper I). The 
second was sampled from an open dump with exposed glass waste (Paper II). 
The third was from another dump with buried waste, but excavated and sampled 
cautiously after ERT mapping (Paper III). As shown in Table 3, waste 
composition from random sampling was dominated by glass and demolition 
fractions at ratio of 1:1, which presented sorting challenges for recovery of glass 
and other fractions for valorisation. In LFM studies generally, excavated waste 

27 

Table 2 Trace element concentrations compared with Swedish limits for hazardous waste 
(Avfall Sverige, 2007). 
 

Element Concentration ranges (mg kg-1) 
in Papers I – V 

Swedish hazardous waste limits 
(mg kg-1) 

As* 13 – 22,769 1,000 
Ba* 542 – 2,474 100 
Cd* < LOD – 3,090 100 
Co 50 – 53 100 
Cr 28 – 43 1,000 
Cu < LOD – 955 2,500 
Mn 74 – 85 n.s. 
Mo < LOD 10,000 
Ni 1,218 – 1,409 2,500 
Pb* 54 – 415,576 2,500 
Sb* 725 – 11,915 10,000 

Si 539,141 – 555,217 n.s. 
Zn* 43 – 14,320 2,500 

* Trace elements with hazardous concentrations; LOD is ‘Limit of Detection’; n.s. is ‘not 
specified’ 
 

4.1.2.�Waste composition and particle size distribution 
The waste PSD varied among different samples, but in all the dumps it averaged 
39 ± 5%, 25 ± 6% and 35 ± 8% for CF, MF and FF respectively. However, they 
were within the ranges commonly observed in landfill waste characterisation 
studies, where CF, MF and FF have ranged between 24 – 59%, 21 – 30% and 
14 – 74% respectively (Hogland et al., 2004; Jani et al., 2016; Mönkäre et al., 
2016). PSD differs from study to study as it is influenced by study-specific 
factors such as waste type, age and sampling or excavation procedure (Jani et 
al., 2016). Amount and composition of FF is usually the main source of concern 
in most studies, as its heterogeneity and small particle sizes render recycling 
challenging.  
 
Waste composition, on the other hand, was aggregated according to three 
different dump and sampling scenarios. The first was from a dump with buried 
waste, excavated and sampled randomly without pre-mapping (Paper I). The 
second was sampled from an open dump with exposed glass waste (Paper II). 
The third was from another dump with buried waste, but excavated and sampled 
cautiously after ERT mapping (Paper III). As shown in Table 3, waste 
composition from random sampling was dominated by glass and demolition 
fractions at ratio of 1:1, which presented sorting challenges for recovery of glass 
and other fractions for valorisation. In LFM studies generally, excavated waste 

27 

Table 2 Trace element concentrations compared with Swedish limits for hazardous waste 
(Avfall Sverige, 2007). 
 

Element Concentration ranges (mg kg-1) 
in Papers I – V 

Swedish hazardous waste limits 
(mg kg-1) 

As* 13 – 22,769 1,000 
Ba* 542 – 2,474 100 
Cd* < LOD – 3,090 100 
Co 50 – 53 100 
Cr 28 – 43 1,000 
Cu < LOD – 955 2,500 
Mn 74 – 85 n.s. 
Mo < LOD 10,000 
Ni 1,218 – 1,409 2,500 
Pb* 54 – 415,576 2,500 
Sb* 725 – 11,915 10,000 

Si 539,141 – 555,217 n.s. 
Zn* 43 – 14,320 2,500 

* Trace elements with hazardous concentrations; LOD is ‘Limit of Detection’; n.s. is ‘not 
specified’ 
 

4.1.2.�Waste composition and particle size distribution 
The waste PSD varied among different samples, but in all the dumps it averaged 
39 ± 5%, 25 ± 6% and 35 ± 8% for CF, MF and FF respectively. However, they 
were within the ranges commonly observed in landfill waste characterisation 
studies, where CF, MF and FF have ranged between 24 – 59%, 21 – 30% and 
14 – 74% respectively (Hogland et al., 2004; Jani et al., 2016; Mönkäre et al., 
2016). PSD differs from study to study as it is influenced by study-specific 
factors such as waste type, age and sampling or excavation procedure (Jani et 
al., 2016). Amount and composition of FF is usually the main source of concern 
in most studies, as its heterogeneity and small particle sizes render recycling 
challenging.  
 
Waste composition, on the other hand, was aggregated according to three 
different dump and sampling scenarios. The first was from a dump with buried 
waste, excavated and sampled randomly without pre-mapping (Paper I). The 
second was sampled from an open dump with exposed glass waste (Paper II). 
The third was from another dump with buried waste, but excavated and sampled 
cautiously after ERT mapping (Paper III). As shown in Table 3, waste 
composition from random sampling was dominated by glass and demolition 
fractions at ratio of 1:1, which presented sorting challenges for recovery of glass 
and other fractions for valorisation. In LFM studies generally, excavated waste 

27 

Table 2 Trace element concentrations compared with Swedish limits for hazardous waste 
(Avfall Sverige, 2007). 
 

Element Concentration ranges (mg kg-1) 
in Papers I – V 

Swedish hazardous waste limits 
(mg kg-1) 

As* 13 – 22,769 1,000 
Ba* 542 – 2,474 100 
Cd* < LOD – 3,090 100 
Co 50 – 53 100 
Cr 28 – 43 1,000 
Cu < LOD – 955 2,500 
Mn 74 – 85 n.s. 
Mo < LOD 10,000 
Ni 1,218 – 1,409 2,500 

Pb* 54 – 415,576 2,500 
Sb* 725 – 11,915 10,000 
Si 539,141 – 555,217 n.s. 

Zn* 43 – 14,320 2,500 
* Trace elements with hazardous concentrations; LOD is ‘Limit of Detection’; n.s. is ‘not 
specified’ 
 

4.1.2.�Waste composition and particle size distribution 
The waste PSD varied among different samples, but in all the dumps it averaged 
39 ± 5%, 25 ± 6% and 35 ± 8% for CF, MF and FF respectively. However, they 
were within the ranges commonly observed in landfill waste characterisation 
studies, where CF, MF and FF have ranged between 24 – 59%, 21 – 30% and 
14 – 74% respectively (Hogland et al., 2004; Jani et al., 2016; Mönkäre et al., 
2016). PSD differs from study to study as it is influenced by study-specific 
factors such as waste type, age and sampling or excavation procedure (Jani et 
al., 2016). Amount and composition of FF is usually the main source of concern 
in most studies, as its heterogeneity and small particle sizes render recycling 
challenging.  
 
Waste composition, on the other hand, was aggregated according to three 
different dump and sampling scenarios. The first was from a dump with buried 
waste, excavated and sampled randomly without pre-mapping (Paper I). The 
second was sampled from an open dump with exposed glass waste (Paper II). 
The third was from another dump with buried waste, but excavated and sampled 
cautiously after ERT mapping (Paper III). As shown in Table 3, waste 
composition from random sampling was dominated by glass and demolition 
fractions at ratio of 1:1, which presented sorting challenges for recovery of glass 
and other fractions for valorisation. In LFM studies generally, excavated waste 

27 

Table 2 Trace element concentrations compared with Swedish limits for hazardous waste 
(Avfall Sverige, 2007). 
 

Element Concentration ranges (mg kg-1) 
in Papers I – V 

Swedish hazardous waste limits 
(mg kg-1) 

As* 13 – 22,769 1,000 
Ba* 542 – 2,474 100 
Cd* < LOD – 3,090 100 
Co 50 – 53 100 
Cr 28 – 43 1,000 
Cu < LOD – 955 2,500 
Mn 74 – 85 n.s. 
Mo < LOD 10,000 
Ni 1,218 – 1,409 2,500 

Pb* 54 – 415,576 2,500 
Sb* 725 – 11,915 10,000 
Si 539,141 – 555,217 n.s. 

Zn* 43 – 14,320 2,500 
* Trace elements with hazardous concentrations; LOD is ‘Limit of Detection’; n.s. is ‘not 
specified’ 
 

4.1.2.�Waste composition and particle size distribution 
The waste PSD varied among different samples, but in all the dumps it averaged 
39 ± 5%, 25 ± 6% and 35 ± 8% for CF, MF and FF respectively. However, they 
were within the ranges commonly observed in landfill waste characterisation 
studies, where CF, MF and FF have ranged between 24 – 59%, 21 – 30% and 
14 – 74% respectively (Hogland et al., 2004; Jani et al., 2016; Mönkäre et al., 
2016). PSD differs from study to study as it is influenced by study-specific 
factors such as waste type, age and sampling or excavation procedure (Jani et 
al., 2016). Amount and composition of FF is usually the main source of concern 
in most studies, as its heterogeneity and small particle sizes render recycling 
challenging.  
 
Waste composition, on the other hand, was aggregated according to three 
different dump and sampling scenarios. The first was from a dump with buried 
waste, excavated and sampled randomly without pre-mapping (Paper I). The 
second was sampled from an open dump with exposed glass waste (Paper II). 
The third was from another dump with buried waste, but excavated and sampled 
cautiously after ERT mapping (Paper III). As shown in Table 3, waste 
composition from random sampling was dominated by glass and demolition 
fractions at ratio of 1:1, which presented sorting challenges for recovery of glass 
and other fractions for valorisation. In LFM studies generally, excavated waste 

27 

Table 2 Trace element concentrations compared with Swedish limits for hazardous waste 
(Avfall Sverige, 2007). 
 

Element Concentration ranges (mg kg-1) 
in Papers I – V 

Swedish hazardous waste limits 
(mg kg-1) 

As* 13 – 22,769 1,000 
Ba* 542 – 2,474 100 
Cd* < LOD – 3,090 100 
Co 50 – 53 100 
Cr 28 – 43 1,000 
Cu < LOD – 955 2,500 
Mn 74 – 85 n.s. 
Mo < LOD 10,000 
Ni 1,218 – 1,409 2,500 

Pb* 54 – 415,576 2,500 
Sb* 725 – 11,915 10,000 
Si 539,141 – 555,217 n.s. 

Zn* 43 – 14,320 2,500 
* Trace elements with hazardous concentrations; LOD is ‘Limit of Detection’; n.s. is ‘not 
specified’ 
 

4.1.2.�Waste composition and particle size distribution 
The waste PSD varied among different samples, but in all the dumps it averaged 
39 ± 5%, 25 ± 6% and 35 ± 8% for CF, MF and FF respectively. However, they 
were within the ranges commonly observed in landfill waste characterisation 
studies, where CF, MF and FF have ranged between 24 – 59%, 21 – 30% and 
14 – 74% respectively (Hogland et al., 2004; Jani et al., 2016; Mönkäre et al., 
2016). PSD differs from study to study as it is influenced by study-specific 
factors such as waste type, age and sampling or excavation procedure (Jani et 
al., 2016). Amount and composition of FF is usually the main source of concern 
in most studies, as its heterogeneity and small particle sizes render recycling 
challenging.  
 
Waste composition, on the other hand, was aggregated according to three 
different dump and sampling scenarios. The first was from a dump with buried 
waste, excavated and sampled randomly without pre-mapping (Paper I). The 
second was sampled from an open dump with exposed glass waste (Paper II). 
The third was from another dump with buried waste, but excavated and sampled 
cautiously after ERT mapping (Paper III). As shown in Table 3, waste 
composition from random sampling was dominated by glass and demolition 
fractions at ratio of 1:1, which presented sorting challenges for recovery of glass 
and other fractions for valorisation. In LFM studies generally, excavated waste 

27 

Table 2 Trace element concentrations compared with Swedish limits for hazardous waste 
(Avfall Sverige, 2007). 
 

Element Concentration ranges (mg kg-1) 
in Papers I – V 

Swedish hazardous waste limits 
(mg kg-1) 

As* 13 – 22,769 1,000 
Ba* 542 – 2,474 100 
Cd* < LOD – 3,090 100 
Co 50 – 53 100 
Cr 28 – 43 1,000 
Cu < LOD – 955 2,500 
Mn 74 – 85 n.s. 
Mo < LOD 10,000 
Ni 1,218 – 1,409 2,500 

Pb* 54 – 415,576 2,500 
Sb* 725 – 11,915 10,000 
Si 539,141 – 555,217 n.s. 

Zn* 43 – 14,320 2,500 
* Trace elements with hazardous concentrations; LOD is ‘Limit of Detection’; n.s. is ‘not 
specified’ 
 

4.1.2.�Waste composition and particle size distribution 
The waste PSD varied among different samples, but in all the dumps it averaged 
39 ± 5%, 25 ± 6% and 35 ± 8% for CF, MF and FF respectively. However, they 
were within the ranges commonly observed in landfill waste characterisation 
studies, where CF, MF and FF have ranged between 24 – 59%, 21 – 30% and 
14 – 74% respectively (Hogland et al., 2004; Jani et al., 2016; Mönkäre et al., 
2016). PSD differs from study to study as it is influenced by study-specific 
factors such as waste type, age and sampling or excavation procedure (Jani et 
al., 2016). Amount and composition of FF is usually the main source of concern 
in most studies, as its heterogeneity and small particle sizes render recycling 
challenging.  
 
Waste composition, on the other hand, was aggregated according to three 
different dump and sampling scenarios. The first was from a dump with buried 
waste, excavated and sampled randomly without pre-mapping (Paper I). The 
second was sampled from an open dump with exposed glass waste (Paper II). 
The third was from another dump with buried waste, but excavated and sampled 
cautiously after ERT mapping (Paper III). As shown in Table 3, waste 
composition from random sampling was dominated by glass and demolition 
fractions at ratio of 1:1, which presented sorting challenges for recovery of glass 
and other fractions for valorisation. In LFM studies generally, excavated waste 

27 

Table 2 Trace element concentrations compared with Swedish limits for hazardous waste 
(Avfall Sverige, 2007). 
 

Element Concentration ranges (mg kg-1) 
in Papers I – V 

Swedish hazardous waste limits 
(mg kg-1) 

As* 13 – 22,769 1,000 
Ba* 542 – 2,474 100 
Cd* < LOD – 3,090 100 
Co 50 – 53 100 
Cr 28 – 43 1,000 
Cu < LOD – 955 2,500 
Mn 74 – 85 n.s. 
Mo < LOD 10,000 
Ni 1,218 – 1,409 2,500 

Pb* 54 – 415,576 2,500 
Sb* 725 – 11,915 10,000 
Si 539,141 – 555,217 n.s. 

Zn* 43 – 14,320 2,500 
* Trace elements with hazardous concentrations; LOD is ‘Limit of Detection’; n.s. is ‘not 
specified’ 
 

4.1.2.� Waste composition and particle size distribution 
The waste PSD varied among different samples, but in all the dumps it averaged 
39 ± 5%, 25 ± 6% and 35 ± 8% for CF, MF and FF respectively. However, they 
were within the ranges commonly observed in landfill waste characterisation 
studies, where CF, MF and FF have ranged between 24 – 59%, 21 – 30% and 
14 – 74% respectively (Hogland et al., 2004; Jani et al., 2016; Mönkäre et al., 
2016). PSD differs from study to study as it is influenced by study-specific 
factors such as waste type, age and sampling or excavation procedure (Jani et 
al., 2016). Amount and composition of FF is usually the main source of concern 
in most studies, as its heterogeneity and small particle sizes render recycling 
challenging.  
 
Waste composition, on the other hand, was aggregated according to three 
different dump and sampling scenarios. The first was from a dump with buried 
waste, excavated and sampled randomly without pre-mapping (Paper I). The 
second was sampled from an open dump with exposed glass waste (Paper II). 
The third was from another dump with buried waste, but excavated and sampled 
cautiously after ERT mapping (Paper III). As shown in Table 3, waste 
composition from random sampling was dominated by glass and demolition 
fractions at ratio of 1:1, which presented sorting challenges for recovery of glass 
and other fractions for valorisation. In LFM studies generally, excavated waste 



28 

is highly heterogeneous especially in MSW dumpsites due to the vast range of 
materials dumped (Hogland et al., 2004; Mönkäre et al., 2016). Hence, 
heterogeneous materials end up in landfills again, as is the case in ‘Glasriket’ 
currently. Conversely, waste excavated after ERT mapping showed higher glass 
fraction, implying the potential improvement that waste dump mapping could 
contribute towards resource recovery (Paper III and Section 4.2 in this thesis).  
 
Table 3 Mean composition of waste sampled from different dumpsite scenarios. 
  
Waste fraction Buried waste dump 

(random sampling) 
Open glass 

dump 
Buried waste dump 

(ERT-guided sampling) 
Glass 44 ± 11% 95 ± 3% 87 ± 10% 
Demolition and soil 44 ± 16% 4 ± 1% 11 ± 6% 
Organic 9 ± 13% < 1% < 1% 
Residual 2 ± 1% < 1% 1 ± 0.8% 
 

4.1.3.� Leachate characteristics 
Leaching of the waste materials was done in order to assess leachability of the 
trace elements during materials handling and storage to evaluate the required 
measures for environmental and human health safety. In each case, results were 
compared with Swedish EPA (2009) limits for waste landfilling. The ranges of 
physico-chemical parameters were determined as shown in Table 4.  
 
Table 4 Leachate parameters compared with Swedish EPA landfill waste limits. 
 
Parameter Value range Swedish EPA landfill waste limits 

  Inert Non-hazardous Hazardous 
pH 7 – 8 n.s. n.s. n.s. 
MC (%) 3 – 24 n.s. n.s. n.s. 
F− (mg kg-1 DS) 3 – 17 10 150 500 
TDS (mg kg-1 DS) 123 – 2,856 4,000 60,000 100,000 
DOC (mg kg-1 DS) 32 – 78 500 800 1,000 

* Values higher than the statutory limit; n.s. is ‘not specified’; DS is ‘dry substance’ basis 
 
The leachate was around neutral to alkaline pH while other parameters were 
within limits for non-hazardous waste. The low parameter values were partly 
due to low organic fraction in the waste as shown in Table 3. For instance, pH 
in waste dumps may correlate with organic waste decomposition phases, with 
low pH indicating incomplete waste biodegradation (acidic phase) and high pH 
indicating the methanogenic and humic phases (Paper II). This was not the case 
in these waste dumps. On the other hand, leachate pH may be increased by the 
presence of alkaline earth metals in the glass (such as Ba in Table 2) which are 
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availed through ion exchange with water or leachant (Le Bourhis, 2014; Shelby, 
2005). In terms of trace elements leachability, As, Cd, Cu, Pb, Sb and Zn 
leached lower than their respective limits for hazardous waste. From Paper I, 
for instance, leaching of As, Cd, Pb and Zn was obtained as shown in Fig. 7. 
 

 
 
Figure 7 Leaching of As, Cd, Pb and Zn according to TPs (n = 6). The blue and red lines 
indicate Swedish limits for inert waste and non-hazardous waste landfills respectively. Limits 
for hazardous waste landfills are 25 mg kg-1 for As, 5 mg kg-1 for Cd, 50 mg kg-1 for Pb and 
200 mg kg-1 for Zn (Reproduced from Paper I). 
 
Crystal glass structure is stable and resilient due to high Si content (Sandgren, 
2019; Shelby, 2005). However, high pH may lead to increased Si solubility and 
glass structural depolymerisation and instability, thereby increasing the 
leaching of trace elements through ion exchange (Le Bourhis, 2014; Shelby, 
2005). This may have been an explanation for observed trace element leaching 
from the glass. Although the leachability was low, trace elements in low 
leachate concentrations may interact with each other to trigger toxic effects on 
ecosystems (Cesaro et al., 2018; Tsiridis et al., 2006). Furthermore, leaching of 
the glass waste may increase as a function of temperature, exposure time, glass 
composition and leachant chemistry (Bunker, 1994; Mendel, 1984). Therefore, 
regardless of leaching lower than the hazardous waste limits, the excavated 
waste required interim storage in hazardous waste class ‘Bank Account’ cells 
for future resource recovery, to avoid contamination threats on ecosystems. 
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4.1.4.� Radiometric characteristics 
Radiometrical measurements in Paper II were necessitated by certain 
requirements imposed by the European Commission through their radiological 
principles concerning natural radioactivity of recycled materials (European 
Commission, 1999). In addition, the historical use of different metal oxides in 
glass colouring, including potentially radioactive substances like uranium 
compounds (Strahan, 2001), contributed to the need for radiometrical 
measurements of the glass waste. As shown in Fig. 8, external dose rates ranged 
from 0.09 to 0.19 µSv h-1 and were more prominent on the actual glass dump 
than the surroundings. 
 

 
 
Figure 8 Dose map over the dump. The black line delimits the border of the visible glass 
dump (Reproduced from Paper II). 
 
Higher dose rates (i.e. red dots on the map) indicated higher activity 
concentration of radionuclides, which was believed to be due to 238U, 232Th and 
40K, as they are the main contributors to external dose in the environment. To 
verify this hypothesis, six differently coloured glass samples were 
independently assessed for the natural radionuclides (210Pb, 214Pb and 214Bi, 
including 137Cs). 137Cs was below its minimum detectable activity, whereas 
210Pb, 214Pb and 214Bi recorded 17.4 Bq kg-1, 3.9 Bq kg-1 and 3.7 Bq kg-1 
respectively (Paper II). All these activity concentrations were considerably 
low, as the Swedish soil background level of activity concentration is around 70 
Bq kg-1 (Evans & Eriksson, 1983). The relatively high activity concentration of 
210Pb correlated quite well with the high concentration of Pb in crystal glass 
waste (Table 2). On the other hand, 40K was the highest at 2,919 Bq kg-1 against 
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its range of 560 to 1,150 Bq kg-1 in Swedish soil (UNSCEAR, 2000). Therefore, 
40K was responsible for the higher dose rates in Fig. 8. 
 
With such 40K activity concentration, potential radiological risks of recycling 
the glass waste were assessed based on External Hazard Index (Hex) and Gamma 
Index (Iγ), and the result were obtained as shown in Table 5. Since both Hex and 
Iγ were below 1 in all cases, it was concluded that the glass materials posed no 
radiological exposure risks if recycled through circular economy applications 
such as in construction and metal extraction processes (Beretka & Mathew, 
1985). Based on these indices, it was established that 40K would only pose a 
radiological risk if it was at least 4,810 Bq kg-1. However, caution in the 
selection of recycling alternatives is required due to hazardous concentration of 
trace elements. For instance, recycling of the glass waste in the construction 
industry as building material aggregates would pose potential exposure threats 
over time due to leaching of contaminants (European Commission, 1999). 
 
Table 5 Radiological indices of the glass samples (Modified from Paper II). 
 
Index Yellow Black White Green Red Blue Average 

Hex 0.49 0.56 0.62 0.56 0.57 0.57 0.56 

Iγ 0.77 0.89 0.99 0.90 0.91 0.92 0.90 

4.2.� Dumpsite geophysical mapping 
During usual glass dump excavations, it was noted that uncoordinated 
excavation and random waste sampling generated complicated mix of waste 
fractions that were difficult to sort for efficient materials recovery (Table 3). 
Therefore, glass dumps (both with exposed and buried glass waste) were 
mapped using ERT in Paper III to identify glass hotspots before excavation, 
and thus enhance material recovery potential. 
 

4.2.1.� ERT at an open glass dumpsite (exposed glass waste) 
Madesjö open glass dump, with around 95% composition of the glass fraction 
(Table 3), was mapped in order to quantify resistivity registered by the glass 
fraction in particular, before applying the technique on identification of buried 
glass waste. The results revealed a wide range of resistivities (less than 30 Ωm 
to over 40,000 Ωm) as shown in Fig. 9.  
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Figure 9 Resistivity profiles at Madesjö glass dump; (a) ML1, (b) ML2, and (c) 3D 
visualisation of the profile lines. TP denotes test pit dug (Reproduced from Paper III). 
 
The resistivity scale obtained was aggregated into six categories for 
interpretation purposes, as follows: 
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•� dark blue zones (< 30 Ωm) 
•� blue zones (30 – 70 Ωm) 
•� green to dark green zones (60 – 530 Ωm) 
•� light green zones (500 – 1100 Ωm) 
•� yellow to light orange zones (1000 – 4600 Ωm) 
•� dark orange to dark red zones (> 8,000 Ωm). 
 

The aggregation of resistivity scale categories shows overlapping resistivities, 
which is consistent with the fact that a material’s resistivity usually occurs as a 
range and not a fixed value due to different internal and external factors 
(Palacky, 1987). The wide range of resistivity was due to the presence of 
different material fractions registering different resistivities as shown in Table 
6, but mainly due to the presence of glass whose resistivity is inherently high 
(Giancoli, 1998). It was also observed that this high resistivity contrast among 
the dumped materials presented difficulties for the data inversion software, and 
hence the mean residuals obtained were also high (10.5% and 11.1% for ML1 
and ML2 respectively). The glass heap was clearly obtained as a high resistivity 
(> 8,000 Ωm) heap in Fig. 9, which falls within the literature-based glass 
resistivity value range of 8,000 – 6.3x108 Ωm (CRC Press, 2001). This was 
confirmed by 8 TPs excavated around the dump (TP1 – TP8 in Fig. 9) to verify 
the responsibility of glass over the obtained results, and was verified as such 
(excavated glass heaps in Fig. 4b). 
 
Table 6 Literature-based compilation of parameters used for ERT interpretations 
(Reproduced from Paper III) 
 
Material Parameter Value 
Granite SiO2 content 72.04% (Blatt & Tracy, 1996)*1 

Glass (silicate)          ″ 74% (Shelby, 2005) 
Granite Resistivity 1,000 – 1 x106 Ωm (Palacky, 1987) 
Glass (general)          ″ 8,000 – 6.3x108 Ωm (CRC Press, 2001)*2 

Saturated (wet) soil          ″ 30 – 150 Ωm (Guérin et al., 2004; Dahlin et al., 
2010)  

Unsaturated (dry) soil          ″ > 1,000 Ωm (Leroux et al., 2007)  
Demolition waste          ″ 348 – 2,000 Ωm (Boudreault et al., 2010; Çinar et 

al., 2015) 
Decomposed waste          ″ 1 – 40 Ωm (Çinar et al., 2015)  
*1 world average; *2 temperature-dependent, although not the value at standard 
temperature and pressure (STP) 
 
On the other hand, interpretation of materials other than glass at Madesjö was 
purely based on literature values of resistivity ranges of materials common in 
waste landfills (Table 6). However, the data was interpreted cautiously because 
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On the other hand, interpretation of materials other than glass at Madesjö was 
purely based on literature values of resistivity ranges of materials common in 
waste landfills (Table 6). However, the data was interpreted cautiously because 
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•�dark blue zones (< 30 Ωm) 
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•�light green zones (500 – 1100 Ωm) 
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which is consistent with the fact that a material’s resistivity usually occurs as a 
range and not a fixed value due to different internal and external factors 
(Palacky, 1987). The wide range of resistivity was due to the presence of 
different material fractions registering different resistivities as shown in Table 
6, but mainly due to the presence of glass whose resistivity is inherently high 
(Giancoli, 1998). It was also observed that this high resistivity contrast among 
the dumped materials presented difficulties for the data inversion software, and 
hence the mean residuals obtained were also high (10.5% and 11.1% for ML1 
and ML2 respectively). The glass heap was clearly obtained as a high resistivity 
(> 8,000 Ωm) heap in Fig. 9, which falls within the literature-based glass 
resistivity value range of 8,000 – 6.3x108 Ωm (CRC Press, 2001). This was 
confirmed by 8 TPs excavated around the dump (TP1 – TP8 in Fig. 9) to verify 
the responsibility of glass over the obtained results, and was verified as such 
(excavated glass heaps in Fig. 4b). 
 
Table 6 Literature-based compilation of parameters used for ERT interpretations 
(Reproduced from Paper III) 
 
Material Parameter Value 
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the data inversion process is known for potential to generate unrealistic 
variations in model resistivity values, which can lead to over-shooting or under-
shooting of the model resistivities on either side of the high contrast transition, 
uncharacteristic of actual geological features (Jolly et al., 2011). Furthermore, 
the resistivity on the dump surface was too high to generate reliable features 
beneath the glass heap. In previous landfill ERT studies, resistivity < 70 Ωm 
(dark to light blue in Fig. 9) and > 348 Ωm (up to 2,000 Ωm in some cases) have 
been attributed to leachate and/or decomposed wastes, and demolition waste 
respectively (Çinar et al., 2015; Boudreault et al., 2010). 
 
Despite the high contact resistances initially between electrodes and the ground, 
the data quality was good due to the enhancement of electrode-to-ground 
contact by Johnson’s revert gel, careful optimisation of survey instruments 
based on repeated measurements, and the use of separated electrode cables 
survey design for current transmission and potential measurements (Fig. 6a), 
which is more robust than single cable spreads. In addition, the good data 
quality was also confirmed by the agreement of the inverted profiles in the 3D 
fence diagram model in Fig. 9c, whose matching is known to confirm a certain 
level of confidence in ERT results (Johansson et al., 2016). Therefore, the aim 
of identifying crystal glass resistivity was successfully achieved in this first 
investigation. 
 

4.2.2.� ERT at sites with buried glass waste 
Potential glass hotspots in soil-covered dumps were investigated at Alsterfors 
and Orrefors glass factory dumps, and the resistivity of buried glass hotspots 
was hence based on the findings from Madesjö open glass dump in combination 
with literature values (Table 6). Results from Alsterfors glass dump were 
obtained as shown in Fig. 10. Similarly, the obtained resistivity scale showed a 
wide range of resistivities (less than 30 Ωm to over 40,000 Ωm), which was 
expected due to the heterogeneous nature of the waste materials. The scale was 
also aggregated into six categories for interpretation like in the Madesjö case. 
The mean residuals in this case were quite low (3% and 5%), indicating better 
results than at Madesjö where interference was high due to high resistivity 
contrasts. In Fig. 10a (AL1), there were different resistivity zones with a number 
of high resistivity patches (> 8,000 Ωm). Beneath these, there were materials 
with lower resistivity (< 1,100 Ωm) before finally transitioning to higher 
resistivity (> 1,100 Ωm) with depth. In Fig. 10b (AL2), there were also patches 
of high resistivity (> 8,000 Ωm) near the surface, although the resistivity 
transition was less even compared with Fig. 10a. In Fig. 10c (AL3), on the other 
hand, there were similar patches of high resistivity (> 8,000 Ωm), although there 
was an unusual feature of high to relatively high resistivity extending between 
0 – 12 m on the line and from the surface to lower depths. 
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Figure 10 Resistivity profiles and interpretations of features at Alsterfors dump; (a) AL1, (b) 
AL2, (c) AL3, and (d) 3D visualisation of the profile lines. TP denotes test pit dug (Modified 
from Paper III). 
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In all ERT investigations, data comes with a degree of uncertainty in the results 
due to the creation of artefacts in the inversion process (Johansson et al., 2019; 
Jolly et al., 2011). To avoid misinterpretations, therefore, the obtained results 
were mainly based on excavation of verification TPs, literature-based values of 
material resistivities (Table 6), and resistivity observations from Madesjö glass 
dump (for glass hotspots). The interpretations of the different features in Fig. 
10 are summarised in Table 7. Like in Fig. 9c, the 3D fence diagram models 
obtained for this site (Fig. 10d) also confirmed good data quality and confidence 
in ERT results. 
 
In both lines, the glass hotspots were clearly identified as regions of high 
resistivity (> 8,000 Ωm), consistent with literature values (Table 6) and results 
from Madesjö glass dump. Among the TPs excavated, four were around regions 
suspected to be glass hotspots, and these were verified as such as shown in Fig. 
11b. Furthermore, glass hotspots were verified by sampling, sieving and hand-
sorting the excavated materials. The mean composition among glass hotspot 
materials indicated that the glass fraction was dominating at 87% (median and 
maximum of 94% and 100% respectively), followed by soil (7%), demolition 
(4%), residual (1%) and finally organic (< 1%) fractions. 
 
Table 7 Interpretations of features from Alsterfors investigations based on observations from 
TP excavations and literature-based values of material resistivities. 
 

Resistivity (Ωm) Feature on ERT Profile(s) Interpretation Basis 

< 30 28 – 33 m (AL2) Decomposed waste Table 6 

30 – 130 69 – 71 m (AL2) Wet soil TP 11 

130 – 530 0 – 28 m, 34-40 m (AL1) Semi-wet soil TP 10; Table 6 

    "   " 0 – 20 m (AL2)     "   "     "   " 

530 – 2,200 55 – 65 m (AL1) Dry soil TP 5 

    "   " 40 – 42 m (AL2) Compact, dry soil TP 9 

1,000 – 4,600 28 – 32 m, 64-66 m (AL1) Demolition waste TPs 3 & 6 

> 8,000 11 – 15 m, 23 – 25 m, 43 – 
45 m (AL1) 

Glass hotspots TPs 1, 2 & 4 

    "   " 4 – 10 m, 13 – 18 m, 29 – 
34 m (AL2) 

    "   " TP 7; Table 6 

    "   " 0 – 34 m, 26 – 28 m (AL2) Geological features TP 8; Table 6 

 
Despite the successful identification of glass hotspots, one limitation 
encountered was similarity in resistivity between glass and other features such 
as in the region around 0 – 34 m and between 10 – 15 m depths in Fig. 10b. 
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These features were clearly not glass hotspots but part of the bedrock formation 
as evidenced by large stones excavated around 26 – 28 m along line AL2 as 
shown in Fig. 11c, since the bedrock at this site lies within 3 – 10 m below the 
surface and is mainly granite (SGU, 2019). The similarities between granite 
bedrock and soda-lime glass were expected since both are mainly composed of 
SiO2 at 72.04% and 74% respectively (Blatt & Tracy, 1996; Shelby, 2005) and 
their resistivity ranges are over 1,000 Ωm and over 8,000 Ωm respectively 
(CRC Press, 2001; Palacky, 1987). 
 

 
Figure 11 TP observations: (a) demolition waste, (b) glass from a hotspot, and (c) excavated 
stones (Modified from Paper III). 
 
The survey was also tried at Orrefors glass factory dump whose geology is 
slightly different from Alsterfors dumpsite (SGU, 2019). As shown in Fig. 12, 
glass hotspots were clearly identified without much introduction of artefacts in 
the results by other materials of similar resistivity as glass. In addition, the mean 
residual was lower (2%) than at Madesjö and Alsterfors dumps. 
 

 
Figure 12 Resistivity profile at Orrefors dump (glass hotspots circled with dotted lines). 
 
Therefore, successful identification of glass hotspots requires consideration of 
site bedrock characteristics to avoid misinterpretation of results. Ultimately, 
dump mapping, identification of glass hotspots and coordination of excavation 
to acquire ‘homogeneous’ glass fraction for metal extraction processes was 
successfully achieved as shown in Fig. 13.  
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Figure 13 Onsite glass hotspot identification process: (a) ERT survey, (b) interpretation of 
results and coordination of excavation, (c) excavation of a hotspot near the dump surface, 
and (d) sideview of another hotspot beneath the dump surface. 

4.3.� Metal extraction 
4.3.1.� Mechanical activation 
During metal extraction experiments in Papers IV and V, the glass samples 
were mechanically activated as a pre-treatment step, which is vital in extractive 
metallurgy as it increases a material’s reaction capabilities (Ceganac et al., 
2003). The morphologies of the glass samples before (milled sample) and after 
mechanical activation (activated sample) were obtained by SEM as shown in 
Fig. 14.  
 

 
 
Figure 14 SEM images of (a) milled sample and (b) mechanically activated sample; inset 
shows morphology details at higher magnification (Reproduced from Paper IV).   
 
The sample structure changed from bigger, independent particles ranging 
between tens of µm and 125 µm (Fig. 14a), to smaller and more agglomerated 
particles in nanometres (Fig. 14b). Further analysis of the activated sample 
particle sizes by the DLS method indicated a correlation with the SEM images 
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in Fig. 14b. As shown in Fig. 15, the activated sample particle sizes mainly 
ranged between 200 – 300 nm, with a mean distribution of 251 ± 36 nm. As the 
particle sizes reduced, the sample surface area increased considerably as shown 
in Fig. 14b. Results of specific surface area analysis of activated samples using 
the BET method indicated that it was 2.7 m2 g-1 and 3.98 m2 g-1 in Papers IV 
and V respectively. Therefore, mechanical activation increased material 
reaction capabilities through reduced particle sizes and increased surface area. 
The differences in specific surface area between the samples in the two papers 
was attributed to differences in rotational speed during mechanical activation. 
The rotational speed was 500 rpm and 600 rpm in Papers IV and V 
respectively, and additionally the activation in Paper V was achieved in 15-min 
intervals. This was in agreement with the findings by Tan et al. (2016) in their 
study of the effects of rotational speed on mechanical activation. They assessed 
200 – 800 rpm speed range and observed that the metal extraction efficiency 
increased steadily from 200 – 600 rpm, but proceeded slowly towards 
equilibrium after 600 rpm.  
 

 
 
Figure 15 The volume-weighted hydrodynamic size distribution of aqueous dispersion of 
activated glass samples (Reproduced from Paper IV). 
 
To further assess the effect of mechanical activation on leaching of trace 
elements, milled (without mechanical activation) and mechanically activated 
glass samples were leached with de-ionised water at the same experimental 
conditions (Paper IV). Analysis of trace elements content in the leachate 
indicated Pb concentration of 0.23 mg l-1 and 3.04 mg l-1 in milled and activated 
glass samples respectively. This result showed 13 times higher leaching in 
activated than milled samples, and 1200% improvement in extraction efficiency 
exerted by the mechanical activation process. This indicated that the potential 
and/or friction energy during the mechanical activation process was high 
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enough to enable Pb ions to be eluted from the Si matrix (Sasai et al., 2008; 
Singh et al., 2016). This is usually achieved by gradual transformation of the 
glass particles to disorderly state, thereby changing their energy state and 
facilitating easy dissolution of the trace elements during leaching (Baláž, 2008; 
Tan et al., 2016; Yu et al., 2016). 
 

4.3.2.� Lead sulfidation process 
In Paper IV, the leached Pb ions were transformed to solid PbS through the 
sulfidation process, since Pb originally occurs in the environment as galena 
(PbS ore) and can be extracted from the PbS ore through already existing 
technologies. After leaching activated glass samples with sulfur at 25 °C, 70 °C, 
95 °C and 120 °C, the generated precipitate was analysed by XRD for the 
presence of PbS, and the results were obtained as shown in Fig. 16. The results 
suggested that temperature lower than 70 °C was not adequate to generate full 
crystallisation of the PbS from its amorphous state. However, at 95 °C and 120 
°C, five peaks were observed in the results. A comparison of the XRD results 
with Joint Committee on Powder Diffraction Standards (JCPDS) Cards 
indicated that the peaks obtained were identical to the (111), (200), (220), (311) 
and (222) crystal planes of PbS as per the JCPDS Card No. 65-0132 (Chongad 
et al., 2016). Therefore, 95 °C and 120 °C were adequate for crystallisation, 
although 120 °C was more effective as indicated by the peak intensity as well 
as slightly bigger particle sizes in 120 °C samples than 95 °C samples at 37.4 
nm and 38.4 nm, respectively. The results further indicated that the generated 
PbS had high purity since none other elemental crystalline phases were 
observed in the XRD patterns.  
 

 
 

Figure 16 XRD patterns of the PbS synthesized from sulfidation at 70 °C, 95 °C and 120 °C 
(Reproduced from Paper IV). 
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4.3.3.� Pb extraction by HNO3 
In Paper IV, activated glass samples were leached with different concentrations 
of HNO3, at different temperatures and leaching times to assess Pb recovery 
potential and the influence of each of the three parameters on Pb extraction. The 
glass sample contained hazardous concentrations of As, Cd, Sb and Pb as shown 
in Table 2, while acid leaching yielded extraction results as shown in Fig. 17. 
In all temperature scenarios, the results indicated burst extraction mode in the 
first 30 min. Afterwards, the extraction proceeded at a much lower rate between 
30 min and 2 hours. Beyond 2 hours, the increase was marginal and the process 
showed characteristics of reaction equilibrium. Within the first 30 min, 75% of 
the of final Pb amount was extracted, and therefore the first 30 min period was 
designated as the rapid leaching stage. Overall, the first 2 hours of the process 
were the most significant, as after 2 hours the reaction entered the slow leaching 
state towards eventual stabilisation of the process. These results were consistent 
with other metal extraction studies in which the first 2 hours were designated as 
the most crucial for the extraction process (Jani & Hogland, 2018; Zou et al., 
2009). 
 
Ultimately, Pb extraction peaked at 78% after 12 hours in 3 M HNO3. However, 
as shown in Fig. 17a, the differences in extraction efficiencies among the three 
concentrations were not statistically significant. This insignificance was 
described in terms of solubility characteristics of the reaction products. The 
extracted Pb ions reacted with the acid to generate lead nitrate (Pb(NO3)2). 
Conversely, since Pb(NO3)2 has limited solubility in HNO3 (Ahn et al., 2011; 
Mecucci & Scott, 2002), its formation resulted in decreased dissolution of Pb. 
Therefore, the insignificance of the effect of acid concentration on Pb extraction 
implies that the extraction process can be achieved economically but with 
higher efficiency using 0.5 M HNO3. 
 
On the other hand, significant differences in Pb extraction were observed as an 
effect of temperature as shown in Fig. 17b. Extraction at all the three 
temperatures followed the same pattern of burst extraction mode in the first 30 
min, followed by a much lower extraction rate until 2 hours, and eventually 
minimal increase afterwards. In each temperature scenario, 75% of the final 
leached Pb was extracted within the 30 min rapid desorption stage. It was 
observed, however, that in the first 30 min, Pb extraction at 25 °C, 70 °C and 
95 °C was 15%, 40% and 55% respectively, clearly indicating the positive 
influence of higher temperature on the extraction process. Therefore, the 
kinetics of metal leaching in crystal glass was comparatively fast in the first 30 
min and thus would efficiently extract major contaminants in the glass with 
higher efficiency if further improved. The high extraction yield (78%) achieved 
also indicated the importance of the mechanical activation step in improving 
extraction efficiency of the process. This implies that the activation essentially 
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destabilised the crystal glass particles to facilitate easy dissolution of the Pb ions 
(Yu et al., 2016). 
 
 

 
 
Figure 17 Effects of (a) acid concentration and (b) temperature on Pb extraction using HNO3 
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4.3.4.� Pb extraction by EDDS and NTA 
In Paper V, activated glass samples were leached with the biodegradable 
chelating agents EDDS and NTA to assess decontamination and resource 
recovery potential. The concentrations of As, Cd, Sb and Pb in the glass sample 
were in hazardous levels (Table 2). The leaching was done by varying the 
chelator concentration and leaching time in 13 experiments determined using 
the Box-Wilson design. As shown in Fig. 18, EDDS extracted more Pb than 
NTA in all experiments, and the trend was similar. The differences in extraction 
capabilities between the chelators were due to differences in their chemical 
structures, which also dictate their complexation characteristics. One 
influencing factor was competition kinetics between Pb and trace elements, 
where the competition for complex formation with a chelator was higher in 
NTA than EDDS (Polettini et al., 2006). Such competition could have resulted 
in lower extraction by NTA. Another factor was that EDDS has more binding 
sites than NTA, hence it forms more stable complexes than NTA (Jani & 
Hogland, 2018; Miessler et al., 2014). In addition, differences in the chelators’ 
stability constants (log K) were another influencing factor. The stability 
constant of EDDS is higher than that of NTA at 12.7 and 11.3 respectively, 
meaning that EDDS usually has more reaction products than NTA at 
equilibrium (Tandy et al., 2004). 
 
 

 
 

Figure 18 Extraction efficiencies of Pb by EDDS and NTA at different concentrations and 
reaction times (Reproduced from Paper V). 
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The effects of concentration and reaction time on extraction efficiency are 
further shown in Fig. 19a and 19b for EDDS and NTA respectively. Increasing 
chelator concentration from 0.05 M to 1 M did not increase reaction efficiency, 
but a decrease was observed instead. This agreed with previous studies on 
chelating agents and concentration effect which showed that metal extraction 
increased with increase in concentration, but the effect beyond a certain 
concentration level was insignificant (Naghipour et al., 2016; Qiao et al., 2017; 
Zou et al., 2009). 
 
In terms of leaching time, increase of time beyond 2 hours had marginal effects, 
as the increases in Pb extraction between 2 hours and 13 hours were only 8% 
and 2% of the final extracted amounts in EDDS and NTA respectively. Beyond 
13 hours, the extraction decreased.  Since trace elements extraction by chelating 
agents is governed by a two-stage equilibrium rate (Zou et al., 2009), beyond 2 
hours the experiment was in the slow leaching stage after the rapid desorption 
stage in the first 2 hours, in which 85% and 95% of the final extraction was 
already achieved in EDDS and NTA respectively. Ultimately, statistical 
analysis determined that the extraction process optimum conditions were 0.05 
M and 13 hours, at which the highest Pb extraction was achieved in EDDS and 
NTA at 63.6% and 42.2% respectively. However, 2 hours of reaction time could 
be improved for higher efficiency and enhanced recovery. 
 

 
 
Figure 19 3D representations of the combined effects of chelator concentration and reaction 
time on Pb extraction efficiency for (a) EDDS and (b) NTA. 
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5.� Conclusions 

In this thesis, the LFM approach was used to investigate the potential for 
recovery of secondary resources from contaminated glass dumps into the 
circular economy, and thus avoid further landfilling of excavated materials. The 
feasibility to identify glass hotspots before excavation was investigated in order 
to obtain more homogeneous glass waste for recycling and metal extraction. In 
addition, waste was characterised to understand pre-recycling storage or 
disposal requirements. Lastly, metal extraction potential from the waste was 
investigated. The following were the main conclusions: 
 

•� The findings from waste characterisation in Papers I, II and III 
generated important insight about safe handling, pre-recycling storage, 
recycling and disposal requirements of excavated materials. 

•� Due to hazardous concentrations of leachable As, Cd, Pb and Sb in 
Papers I and II, the waste required temporal storage in specially-
designed ‘bank account’ storage cells that prevent environmental 
contamination while preserving the materials for future recycling 
and/or metal recovery. 

•� The excavated materials could be handled and recycled without posing 
any radiological risks as confirmed by the radiological indices 
investigated in Paper II.  

•� The quantities of recyclable fractions were identified in Papers I, II 
and III for planning of recycling or disposal alternatives. The 
heterogeneous, contaminated and difficult-to-recycle FF was suitable 
for safe disposal in a hazardous waste landfill, unless its metals could 
be extracted in an economically feasible way. 

•� The ERT technique developed in Paper III successfully identified 
buried glass hotspots and obtained more homogeneous glass waste (> 
87% glass composition) for enhanced metal extraction or other 
recycling alternatives.  It was a faster, cheaper and non-destructive pre-
excavation tool that could enhance glass dumps mining and resource 
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recovery. In addition, some risks for data misinterpretation were 
identified and overcome by suitable survey design with consideration 
of site bedrock characteristics, careful field procedures and cautious 
data interpretation. 

•� In terms of metal recovery, mechanical activation of glass samples was 
found to be an important pre-extraction step that significantly improved 
metal extraction efficiencies in Papers IV and V. 

•� In Papers IV and V, it was established that it was feasible to use low-
energy hydrometallurgical processes in combination with mechanical 
activation to extract Pb from crystal glass with extraction efficiencies 
at 78%, 64% and 42% for HNO3, EDDS and NTA respectively. 
However, extraction efficiencies of other trace elements were low, and 
thus further process improvements are required. 

•� In both Papers IV and V, it was established that extractant 
concentration did not improve extraction efficiency, whereas 
increasing leaching time only improved extraction significantly up to 2 
hours. This presented the economic feasibility of using lower extractant 
concentrations for high efficiency metal extraction from crystal glass 
waste within a short reaction time. 

•� The sulfidation step developed in Paper IV showed the feasibility for 
leached Pb to be converted into PbS that can easily be stored for future 
processing. 

•� Ultimately, the thesis established that the LFM approach could be 
successfully applied throughout the glass waste management chain 
from excavation to resource recovery, thereby keeping materials from 
landfills while contributing to the circular economy and sustainability 
concepts. 

 
The findings in this thesis contribute to closing the knowledge gap about 
combining inter-disciplinary approaches in solving environmental and human 
health challenges presented by highly contaminated waste dumps on one hand, 
and on the other hand materials recovery from the contaminated waste for use 
as secondary resources in the circular economy. Since the pollution problem in 
‘Glasriket’ has been a source of concern to municipalities, the government and 
other stakeholders, it is hoped that application of the sustainability approach 
presented in this thesis will influence decision making to prevent re-landfilling 
of excavated contaminated glass waste while recovering materials and ensuring 
a decontaminated ‘Glasriket’. Overall, the approach presented could be 
applicable to waste dumps and landfills other than glass dumps in order to 
enhance the concept of regarding waste as a misplaced resource. 
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activation to extract Pb from crystal glass with extraction efficiencies 
at 78%, 64% and 42% for HNO3, EDDS and NTA respectively. 
However, extraction efficiencies of other trace elements were low, and 
thus further process improvements are required. 

•� In both Papers IV and V, it was established that extractant 
concentration did not improve extraction efficiency, whereas 
increasing leaching time only improved extraction significantly up to 2 
hours. This presented the economic feasibility of using lower extractant 
concentrations for high efficiency metal extraction from crystal glass 
waste within a short reaction time. 

•� The sulfidation step developed in Paper IV showed the feasibility for 
leached Pb to be converted into PbS that can easily be stored for future 
processing. 

•� Ultimately, the thesis established that the LFM approach could be 
successfully applied throughout the glass waste management chain 
from excavation to resource recovery, thereby keeping materials from 
landfills while contributing to the circular economy and sustainability 
concepts. 
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6.� Recommendations for future 
research 

This thesis developed some techniques and processes towards contaminants 
reduction and materials recovery in a circular economy perspective, with 
particular focus on contaminated glass waste dumps. The following areas were 
identified for potential improvement: 
 

1.� There is need for a Life Cycle Assessment (LCA) based analysis of 
environmental and human health impacts associated with the processes 
of waste excavation, handling and metals recovery in the proposed 
model, in comparison with the ongoing excavation and re-landfilling 
of the waste in ‘Glasriket’. 

2.� Combination of different geophysical methods in landfill mapping is 
required to enhance glass hotspot identification and incorporate 
efficient quantification of the landfilled waste, since each geophysical 
method has its own inherent strengths and weaknesses. 

3.� Since the extractants in metal extraction processes are used in large 
quantities, it is necessary to evaluate their re-use potential in the 
process to reduce impacts and costs associated with their disposal after 
metal extraction. In addition, the economic feasibility of these recovery 
processes needs to be assessed. 

4.� Further optimisation of operating parameters of metal extraction 
processes is suggested in order to increase their extraction efficiencies. 
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