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Abstract 

Every year Norwegians produce tons of waste by extracting resources, producing products with 

short lifespans and disposing after the product end of life. This is not a sustainable model for 

our society, and many countries are taking measures towards a circular economy, where waste 

materials are continuously reused and recycled. However, hazardous metals present in wastes 

have the potential to leach into the environment when exposed to precipitation. In this thesis, 

the leaching behavior of Cu, Pb, Cd and Zn from vehicle fluff, combustibles and waste 

electronics was studied. Waste fractions from several waste handling facilities in Norway were 

collected and subjected to a one step batch leaching test at a liquid sold ratio of 10:1. The 

resulting leachates were analyzed for major and trace elements, anions and other parameters. A 

geochemical model was developed to estimate the metal species controlling the mobility when 

leachates enter the environment. Results showed vehicle fluff and waste electronics to leach 

significant amounts of Cu (1.2 – 2.4 and 0.02 – 41 mg kg-1), Pb (0.01 – 2.2 and 0.01 – 5.2 mg 

kg-1), Cd (0.01 – 0.18 and ~0 – 0.17 mg kg-1) and Zn (4.4 – 130 and 0.01 – 18 mg kg-1). 

Combustible wastes leached lower concentrations of metals, at 0.18 – 0.27, 0.01 – 0.1, 0.002 – 

0.003 and 0.6 – 3.2 mg kg-1 for Cu, Pb, Cd and Zn, respectively. Modeling showed that 99% of 

Cu, Cd and Pb were complexed to dissolved organic carbon, while Zn form non organic species 

like zinc carbonates and free Zn2+. Due to the leaching capacity of these wastes, the technology 

allowing for improved handling and recycling of waste materials must be in place to avoid 

uncontrollable metal emissions. 
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1 Introduction 

Every year Norwegians produce tons of waste from vehicles, electric and electronic equipment 

(WEEE), plastics and combustibles, hereby referred to as municipal solid waste (MSW) (SSB, 

2018). A majority of these wastes go through material recovery of incineration for volume 

reduction, where the rest is deposited in landfills. Deposited waste fractions not intended for 

further processing are often situated directly on the soil without roofs, allowing for rainwater 

to infiltrate the waste and escape into the groundwater stream. Heavy metals and other 

compounds in the waste constantly leach into the water and are transported with it, exposing 

possibly toxic concentrations that can have irreversible effects to environments and humans 

(Adriano, 2001; Alloway, 2013).  

Procedures for reducing both total landfilled waste and contaminants in waste fractions are 

currently in use. Examples include waste sorting both before and after collection, particle 

reduction and banning the use of certain chemicals in products. Current objectives for the 

European Union is to decrease the overall production of waste by increasing recycling and 

material recovery methods (European Commission, 2015). The intention is to achieve a circular 

economy with close to no waste production and continuous reuse and recycling of resources. 

However, these systems are restricted in terms of realistic efficiency and there will likely always 

be some waste fractions where material recovery is not feasible and require landfilling 

(Wijkman and Skånberg, 2016).  

Recycling and recovery of materials also mean recycling of contaminants and impurities, 

creating exposure routes of possibly hazardous substances to humans and the environment 

(Leslie et al., 2016; Wijkman and Skånberg, 2016). In addition to degradation of product 

quality, the circling of contaminants in the material loop and the risks of contaminant release is 

one of the challenges to overcome in a circular economy (Wijkman and Skånberg, 2016).  

Currently, limited research has been conducted on pure water leaching behavior of heavy metals 

from vehicle fluff and waste electronics. Standard tests simulating rainwater precipitation and 

toxicity tests are often simulating worst case conditions at low pH levels, resulting in increased 

leachate metal content compared to pure water leaching tests. Research on heavy metal leaching 

from post combustion ashes are abundant in literature, though little is known about the leaching 

of metals from combustible waste masses in between shredding and combustion. 
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Heavy metals contained in these waste fractions are of increasing interest in terms of possible 

reuse through urban mining projects, and for their potential leaching and contamination of the 

groundwater (Avfall Norge, 2014).  

The objective of this thesis is to study the leachability of heavy metals Copper (Cu), Lead (Pb), 

Cadmium (Cd) and Zinc (Zn) from vehicle fluff, WEEE, plastics and combustibles. The 

samples tested were collected during the Wasteffect project and have been tested for content of 

several priority contaminants (Morin, Arp and Hale, 2015; Okkenhaug et al., 2015; Arp et al., 

2016; Morin et al., 2017). Currently, other studies are conducted on the leachability of 

Bisphenols (A, F & S) and Benzophenols (Arp, 2019). 

1.1 The circular economy 

As the world typically uses materials in a "make, use and dispose" model instead of reusing, 

recycling, disassembling and remanufacturing, we are currently using more materials than we 

can reproduce yearly, which will not allow us to live within our planetary boundaries for more 

than a limited time (Wijkman and Skånberg, 2016). When it comes to limited resources like 

Rare Earth Elements (REE) and oil products (mainly plastics), little to no extent of recycling 

from End-of-life-products is currently taking place compared to the extraction of virgin 

materials (Binnemans et al., 2013; Balakrishnan and Sreekala, 2016), and thus the global 

society will be facing difficulties in relation to resource scarcity in the future unless measures 

are taken to increase the use of recycled instead of virgin material. 

In Norway, recycling varies between different waste categories where currently, vehicle waste 

and waste electronical and electronic equipment are being recycled extensively (Arp et al., 

2016) (Table 1). After sorting for recycling, a majority of the rest material end up as 

combustibles fractions, amounting to roughly a third of the total combustible waste group, 

which is landfilled after combustion (Arp et al., 2016; SSB, 2018). 

Table 1: Fractions of waste material that is recycled for the various waste groups, the remainder is incinerated 

before landfilling. 

 Glass Vehicles Waste electronics Plastics 

Amount recycled 46.7 % 77.5 % 84.2 % 35.6 % 
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The concept of a circular economy builds on completely recycling all waste into reusable raw 

materials, so that a society no longer depends on extracting virgin materials to sustain itself. In 

essence it is a closed loop of constant reuse where waste is the primary material source for new 

production and product design allowing for easy and efficient recycling (Avfall og 

Gjenvinningsbransjen, 2016; Circular Norway, 2019). Implementing a circular economy model 

can lead to reduced environmental impacts, reduced product cost and increasing the number of 

jobs associated with the process of creating and maintaining highly recyclable products 

(European Commission, 2014; Avfall og Gjenvinningsbransjen, 2016; Wijkman and Skånberg, 

2016; Circular Norway, 2019). In reality, exhaustive recovery of all materials without loss is 

unrealistic, and closed loop product systems are either rare or semi-closed. Most product 

systems are open, with partial recycling and a dependency on virgin material production 

(Lazarevic et al., 2010). In addition, as End of Life (EOL) materials are recycled, contamination 

and overall loss in the sorting/separation process leads to an overall degradation of quality in 

the materials, leading to an eventual need to extract more virgin material, though the long term 

aspects of this is unknown (Lazarevic et al., 2010).  

Several countries around the world are actively taking steps toward a more recyclable future, 

and the European Commission adopted a plan in 2015 to accelerate the process in Europe, 

"closing the loop" of product lifecycles (European Commission, 2015, 2019). The concrete 

measures and aims have over time been adjusted and are in 2018 as follows (European 

Commission, 2019): 

 A target for recycling 65% of municipal waste by 2035 

 A target for recycling 70% of packaging waste by 2030, specifically: 

▫ Paper and cardboard packaging:  85% 

▫ Ferrous metal packaging:   80% 

▫ Aluminum packaging:  60% 

▫ Glass packaging:    75% 

▫ Plastic Packaging:    55% 

▫ Wood packaging:    30% 

 A target that all plastic packaging produce should be recyclable by 2030 

 A target to reduce landfilling to 10% of total waste by 2035 

 A target to strengthen separation of household waste and extend categories to 

hazardous waste (by 2022), bio-waste (by 2023) and textiles (by 2025) 
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 Minimum requirements for extended producer responsibility schemes 

 Reinforced prevention objectives for member states, requiring them to tackle food 

waste and marine litter 

 

The European Union goal towards the circular economy results in increased recycling efforts 

for Norway, and the Norwegian government has elected an expert panel to develop strategies 

for reaching the EU 2030 goals, as well as the goal of becoming a low-emission society by 2050 

(Grønn konkuransekraft, 2015; Wijkman and Skånberg, 2016).  

1.2 The use of heavy metals in products and their end of life 

situation 

1.2.1 Copper 

Approximately 70% of global Cu is used for electricity/conductivity applications with varying 

lifespans. From the globally used Cu, around 45% is used in power generation and transmission, 

20% is used in construction for plumbing, roofing etc., 12.5% is used in consumer electronics 

and electronical equipment, 12.5% for transport systems, like wires harnesses and cables in 

trains, cars etc. and 10% for minor uses, like coins, sculptures, jewelry, musical instruments, 

cookware and other consumer goods (International Copper Alliance, 2014, 2017). 

Some products like copper wire, cables, and other bulk copper products with high purity Cu are 

easily recycled, demanding 80-90% less energy to recycle compared to primary production 

(International Copper Alliance, 2017). Overall, 30-35% of Cu in the waste scrap flow gets 

recycled annually, leaving nearly two thirds to landfilling (Gómez, Guzmán and Tilton, 2007; 

International Copper Alliance, 2017). Increasingly efficient methods and lower cost of primary 

Cu production compared to urban waste mining leads to a growing untapped reserve of potential 

Cu resources in deposited waste (Gómez, Guzmán and Tilton, 2007). Significant amounts of 

Cu is lost in the process of production, smelting and use, see Figure 1, to dust fractions, water 

and reduced quality material unsuitable for recovery (International Copper Alliance, 2017). For 

Cu in cables, wires and WEEE waste, more than 90% of the Cu is recycled through separation 

and chemical processes (Sijstermans, 1997; Veit et al., 2006). Vehicle fluff from Auto Shredder 
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Residue (ASR) comprises about 20-25% of the total vehicle weight, and contains around 1% 

Cu which is incinerated and landfilled (Nourreddine, 2007; Santini et al., 2012).  

 

 

 

 

 

 

 

1.2.2 Lead 

The uses of Pb in products are mainly dominated by batteries on a global basis, comprising 

85,1% of total Pb in production, followed by pigments (5.5%), rolled and extruded products 

(3.6%), munitions (1.4%), alloys (1.3%), cable sheathing (0.9%) and miscellaneous products 

(2.1%) (International Lead Association, 2012).  

Roughly 85% of produced lead-acid batteries are collected for recycling in Europe and USA. 

Of the collected batteries, 99% of Pb content is recovered, usually in production of new 

batteries. Batteries that are not collected for recycling are often directly landfilled or abandoned 

(Jolly and Rhin, 1994; International Lead Organisation, 2011). In MSW, recycling or EOL 

Cathode Ray Tubes (CRTs) is one of the largest sources of Pb for urban mining (Kang and 

Schoenung, 2005). Previously, Pb containing CRT glass, mainly from televisions, could be 

separated and recycled towards the production of new CRT devices, operating as a closed loop 

of reuse. Now, as CRT devices have become obsolete due to the introduction of LCD and LED 

technologies, recycling of lead-oxide glass has fewer applications, and instead CRT glass is 

landfilled, comprising around 12% of residential electronic waste (Kang and Schoenung, 2005; 

Xie, Liu and Li, 2012). One way of disposing CRT glass is to use the silicate in the glass as a 

fluxing agent during primary or secondary smelting of lead ore (Weitzman, 2000).  

Figure 1: The cycle of production, losses and recycling of Cu globally 2006-2015 

(International Copper Alliance, 2017). 
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Waste electronic circuit boards are considered hazardous waste due to the high content of Pb in 

solder, where some manufacturers use alloys with up to 40% lead to reduce corrosion, and the 

board itself contain tin-lead sheets (Pozzo, Malicsi and Iwasaki, 1991). EOL boards, board 

scrap and boards rejected in manufacture comprise large amounts of waste electronics with 

highly leachable lead in the order of ktons year-1 per electronic producing industrial area (Pozzo, 

Malicsi and Iwasaki, 1991). 

Lead (also Cu and Zn) containing munitions spent in shooting ranges ends up in the ground and 

is not fully collected, causing contaminants to leach into the environment. In Norway, Pb 

concentrations has been in the ranges of 1-50 g kg-1 soil (Heier et al., 2010).  

1.2.3 Cadmium 

The use of Cd in products is globally divided into NiCd batteries 79%, pigments 11%, coatings 

7%, stabilizers 2% and other minor uses 1%. Batteries are virtually 100% recyclable if sorted 

out of the waste stream, and pigment uses are mainly contained to plastics to achieve yellow, 

orange and red colors that could be separated in waste sorting (Bode et al., 1990; International 

Cadmium Association, 2003). The use of Cd in disposable plastics causes the compound to end 

up in landfills after a short lifetime (Bode et al., 1990). 

In Norway and Sweden, national product registers claim there is no Cd in any plastic material 

manufacture inside the countries, although imported plastic articles have shown contents of Cd, 

and thus Norwegian recycled plastics can contain some levels of Cd (European Chemicals 

Agency, 2012). In Europe, Cd is banned in 16 different plastic materials, and discussions of 

banning Cd in all plastic products are currently ongoing (European Chemicals Agency, 2012). 

The collection rate of NiCd batteries in the US is roughly 85% for large industrial batteries and 

10% (US) and 22-31% (Sweden) for smaller batteries in household waste. Up to 60 % of non-

collected batteries in MSW end up incinerated, while the remaining batteries are directly 

landfilled (Fthenakis, 2000; Rydh and Karlström, 2002).  

1.2.4 Zinc 

Over 11 million tons of Zn are consumed worldwide every year. Of this, 50% is used for 

galvanizing iron and steel products like car bodies, lamp posts barriers and bridges to prevent 
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corrosion, 17% is used for die-casting products, 17% for brass, bronze and other alloys, 6% for 

rolled Zn used in further products, 6% for chemical uses and 4% is consumed as Zn oxide and 

Zn sulfate for use in miscellaneous consumer products (Royal Society of Chemistry, 2009; 

American Galvanizers Association, 2013). Zinc oxide is used in tires and rubber (~180g per 

tire), glass, ceramics, pharmaceuticals, plastics, batteries and textiles (Royal Society of 

Chemistry, 2009; Zinc Oxide Producers association, 2018). The global average application of 

Zn in products is distributed into: Domestic construction 48%, Transportation industry 23%, 

Machinery and equipment 10%, Consumer durables 10% and Public infrastructure 9% (Spatari 

et al., 2003). 

In the EU, about 34% of discarded Zn products are recycled at a 80% scrap to material ratio, 

where the largest source is from die-castings in EOL vehicles, Zn sheets and steel foundries 

(galvanized steel) (Spatari et al., 2003; Royal Society of Chemistry, 2009). The majority of Zn 

is lost to landfills and the environment via waste unfeasible for recycling and losses during use 

or production (Spatari et al., 2003). 

1.3 The potential problems of recycling for the environment and 

society 

The process of near endless recycling of materials in a circular economy seems to be a golden 

solution to many of society's problems, but both the process and result of recycling can have its 

drawbacks, some of which are discussed in this chapter.  

1.3.1 Recycling of contaminants 

Recycling of products and/or materials can also mean recycling of their contaminants, or the 

introduction of contaminants into the recycled material (Leslie et al., 2016). In the Netherlands, 

22% of currently banned Persistent Organic Pollutants (POPs) like brominated diphenyl ethers 

and other flame retardants existing in WEEE waste end up in recycled plastic products, and 

14% of POP's from vehicle waste end up into recycled materials (Leslie et al., 2016). The 

resulting recycled plastic materials will end up in use where these bioaccumulative and 

persistent substances can result in exposure to humans or the environment. The problem occurs 

due to the recycling process not being effective enough to separate out materials containing 

contaminants from the waste system. In addition, "recycling contamination" where household 
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waste recycling is not 100% effective introduces problems. For example, plastics ending up in 

paper waste, where the waste is not screened for contaminants before recycling, introduces a 

contamination problem and whole batches can end up unrecyclable (Leslie et al., 2016; 

Rachelson, 2017). For the case of Norwegian Cd free plastic, it's recycling together with Cd 

containing foreign plastics that leads to Cd contamination in the recycled product (European 

Chemicals Agency, 2012). 

Recycling and recovery can produce high purity metals by chemical processes, though some 

metal is lost to the environment, estimated to roughly 22 510 Ktons year-1 globally for Cu 

(International Copper Alliance, 2017) (Figure 1). For recycling of lower grade metals, separated 

materials and scrap, the metal is resmelted in bulk, introducing possible unwanted impurities 

into the material (Lazarevic et al., 2010). 

Contaminants introduced from recycling processes can cause degradation of quality in the 

recycled material and materials mixed with it. Some products like glass and metals are entirely 

or close to endlessly recyclable (del Valle-Zermeño et al., 2017; International Copper Alliance, 

2017), but other products like paper and plastics are prone to degradation when it comes to 

quality, forcing the process of down-cycling the material into products less dependent on purity 

and structural integrity (Lazarevic et al., 2010; Cabalova et al., 2012; Baxter, Aurisicchio and 

Childs, 2017). 

1.3.2 Societal problems 

A positive effect of recycling is the creation of more jobs than simple waste collection/ 

landfilling, comparatively 6-13 jobs Kton-1 waste against 1 job Kton-1 waste depending on the 

material/waste  category and other factors (Tellus Institute, 2014). However, exposure to waste 

by direct and/or indirect contact via manual recycling and through inhalation can lead to an 

increase in acute and long term exposure illnesses in workers (Poulsen et al., 1995; Giusti, 

2009).  

Sorting of municipal waste is often initiated at the household level. Different countries have 

various collection systems and waste sorting categories to ensure easier waste prevention and 

material recovery. Problems arise when waste categories are contaminated with other waste 

fractions, degrading the overall purity of the waste fraction (Leslie et al., 2016). Various 

programs and efforts to increase overall awareness for pre collection waste sorting have been 



9 

 

made, though few seem to have noticeable lasting impacts on recycling behavior (Derksen and 

Gartrell, 1993). Societal change might be gradual, and realistic sorting efficiency are limited. 

Automatization on the post collection side are increasing, sorting waste at increasing rates as 

technology is developed in this new field (Waste management world, 2008). 

1.3.3 Release of contaminants from waste handling 

Current waste handling practices in waste handling facilities and landfills broadly include waste 

sorting and recycling, defragmentation and incineration for volume reduction (Arp et al., 2016). 

Some wastes are lost to the environment during these processes, in forms of dust, leachates, 

sludge and recycled material contamination (Lazarevic et al., 2010; Arp et al., 2016). In 

Norwegian waste handling facilities, an estimate of 1038 tons of waste get introduced into the 

environment via water runoff, 701 tons via sludge's and 563 tons into the atmosphere every 

year (Arp et al., 2016). Figure 2 presents an overview of the average yearly waste flow in 

Norwegian waste handling facilities, with an indication of the fractions lost to the surroundings. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Mass flow of waste through the Norwegian waste stream 2011(Arp et al., 2016). 

Numbers in kg year-1. Symbols include S (sorting and defragmentation), L (landfill), I 

(incineration), R (recycling and exportation), WTP (water treatment plant), W 

(environmental water recipients), A (atmosphere) and E (exports and emissions). 
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1.4 The Wasteffect project 

During the Wasteffect project, the Norwegian Geotechnical Institute (NGI) collected waste, air, 

dust, water and sludge (from water treatment) samples from Norwegian waste handling 

facilities, aiming to find possible emission amounts and routes of Bisphenol A (BPA) (Morin, 

Arp and Hale, 2015), Antimony (Sb) (Okkenhaug et al., 2015), Polychlorinated biphenyls 

(PCB) and Brominated flame retardants (BFR) (Morin et al., 2017).  

Norwegian waste handling facilities divide incoming waste into several categories, where 

Wasteffect focused on five of them; Glass, Vehicles, Waste of electric and electronic equipment 

(WEEE), plastics and combustibles (Arp et al., 2016). Their handling cycles are shortly 

illustrated in Figure 3. 

 

 

 

 

 

 

1.5 Aims of the thesis 

Central aims in this thesis are to: 

 Study the potential release of Cu, Pb, Cd and Zn from recyclable waste fractions such 

as vehicle fluff ASR, WEEE plastics and combustible waste, using leaching tests. 

 Evaluate mobility and transport in the environment using chemical speciation modeling.  

 Discuss implications for today's waste handling towards the circular economy. 

  

Figure 3: A simplified illustration of the Norwegian waste stream. Contaminants will 

distribute left to right until eventually entering nature (Arp et al., 2016). 
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2 Theoretical framework 

2.1 EU waste legislation 

Since 1975, the European Parliament has established a framework for waste management 

requirements and definitions. The Waste Framework Directive (WFD) has been under 

amendment and replaced several time since then, and the current framework in motion is the 

Directive 2008/98/EC, with its revisions (European Commission, 2016a). The framework lays 

down waste management principles including, but not limited to; the waste hierarchy, waste 

prevention measures and the "polluter pays principle" in order to clarify and streamline waste 

handling legislation. 

2.1.1 The waste hierarchy 

The EU's Directive 2008/98/EC defines the 

basic prioritization efforts to avoid 

unnecessary landfilling of waste, by firstly 

preventing the production of waste, re-using 

products to prolong products life span as 

opposed to using and disposing, increased 

recycling products and material and lastly to 

recover any material possible from the waste 

if possible before eventually incineration for energy recovery and then landfilling (European 

Commission, 2016b) (Figure 4). The Directive includes new goals for 2020: 50% re-use and 

recycling of MSW and 70% re-use, recycling and recovery of construction and demolition 

waste (European Commission, 2016b). 

2.1.2 Waste prevention 

Implementing actions that prevent the incorrect classification, management or production of 

waste is an important step towards reducing total landfilled waste and increasing the use of 

material in products. As part of the Commission Decision 2013/727/EU by the Waste 

Framework Directive, European countries have established waste prevention programs 

detailing how they currently are preventing waste and what systems they can put in place to 

Figure 4: EU's waste hierarchy to reduce unnecessary 

disposal of waste.  
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reduce this even further (European Commission, 2016c). Main targets for waste prevention are 

MSW, hazardous waste and industrial waste, with focus on their comprising parts like food 

waste, Construction and Demolition (C&D) waste and packaging waste (Reisinger et al., 2011). 

Measures for waste prevention includes promoting eco-design to advance more sustainable 

technologies, qualitative waste prevention to keep hazardous substances content in waste and 

products as low as possible and evaluations/analysis to gain historical data and better 

understanding of the produced waste (Reisinger et al., 2011). A substantial factor of waste 

prevention lies in the behavior and attributes of the public, and since this cannot be legislated, 

raising awareness is an important step in stimulating change (BioIntellgence Services S.A.S, 

2012). 

2.1.3 The polluter pays principle 

The "polluter pays principle" is defined as "The costs of waste management shall be borne by 

the original waste producer or by the current or previous waste holders", where the liable party 

has to pay some money for the remediation or rehabilitation of the environment (EUR-Lex, 

2008; European Commission, 2018). Keeping parties financially responsible for the pollution 

they produce through waste can act both as a controlling factor of liability for and an incentive 

towards environmentally sound technologies and better recyclable products (Ospar 

Commission, 2008).  

2.2 Norwegian policy on recycling and waste treatment 

The Norwegian waste legislation (Avfallsforskriften) gives a set of minimum demands for each 

actor in the process of recycling and treatment of waste (Klima- og miljødepartementet, 2004a). 

For WEEE waste there is a demand to recover 75-85%, with 55-80% of it being prepared for 

reuse of material recovery, depending on the waste type. Some of the waste is incinerated for 

energy recovery, typically rest products after dismantling for material recovery (Klima- og 

miljødepartementet, 2004a). For EOL vehicles, metal is usually recovered by dismantling of 

easy to access parts, comprising the bulk of the recovery demands. The rest of the vehicles are 

dismantled to separate parts containing toxins like Pb, hexavalent chrome, mercury and Cd. 

Maximum allowed concentrations for the resulting waste are 0.1 weight percentage for Pb, 

hexavalent chrome and mercury, while 0.01 weight percent is allowed for Cd (Klima- og 

miljødepartementet, 2004a). Packaging material are currently recycled at an approximate 
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percentage levels of 30% for plastics, where polystyrene is recycled separately at 50%, 60% for 

carton and paper, 65% for brown paper and cardboard, 60% for metal, 60% for glass and 15% 

for wooden packaging. The level of recycling is only applicable to materials collected via 

household or industry sorting (Klima- og miljødepartementet, 2004a). These goals are currently 

not compatible with the European Commission's goal for 2020 towards a circular economy, and 

is subject to change towards 65% and 70% for packaging recycling in 2025 and 2030, 

respectively (Avfall Norge, 2018). 

For both currently in use and inactive/closed landfills, monitoring of leachates is mandatory, 

with ground- and surface water contaminant concentrations being measured 2 – 12 times 

annually depending on operation status and local geological settings (Klima- og 

miljødepartementet, 2004a). For lightly contaminated waste, hazardous but stable (inert/non 

leaching) waste and hazardous waste, upper limits of prohibited leachate values for the focused 

metals and dissolved organic content (DOC) in this thesis are listed in Table 2, where the 

method of testing is a one-step batch leaching test with a liquid solid ratio (L/S) of 10:1 and 

particle size <4 mm according to NS-EN 12457-2  (Norsk Standard, 2003; Klima- og 

miljødepartementet, 2004a).  

Table 2: Upper limit values for leachate potential via L/S10 p<4mm tests for certain types of waste categories. 

Parameter Lightly contaminated 

waste (mg kg-1) 

Stable hazardous 

waste (mg kg-1) 

Hazardous waste  

(mg kg-1) 

Cu 2 50 100 

Pb 0.5 10 50 

Cd 0.04 1 5 

Zn 4 50 50 

DOC 500* 800* 1000* 

* Should the DOC level surpass that which is dissolvable for the liquid with its pH value, a separate test with pH 

between 7.5 and 8 is conducted and accepted if value still is below criteria. 

2.3 Waste categories 

The European list of waste is broadly divided into 20 categories, each having their respective 

subcategories further classifying waste types by source and their contents (European 

Commission, 2000). The Norwegian waste list is classified according to material type and 

contents instead of its origin (SSB, 2003, 2018). The EU list of waste and the Norwegian list of 

waste is presented in Table 3 and Table 4 respectively. 
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Table 3: List of EU main waste categories 

according to origin. 
 Table 4: List of Norwegian main waste 

categories according to material composition. 

EU list of waste  Norwegian list of waste 

Packaging  Glass 

Thermal processes  Metal 

Oil and liquid fuels  Wood 

Photographic industry  Plastic 

Organic chemical processes  Sludge 

Construction and demolition  Rubber 

Inorganic chemical processes  Textiles 

Leather, fur and textile industries  Vehicles 

Organic solvents, refrigerants and 

propellants 
 EE-waste 

Management facilities and off-site 

treatment plants waste water 
 Mixed waste 

Human or animal health care and/or 

related research 
 Hazardous waste 

Municipal waste including separately 

collected fractions 
 Radioactive waste 

Agriculture, horticulture, aquaculture, 

forestry, hunting and fishing 
 Wet organic waste 

Shaping and physical and mechanical 

surface treatment of metals and plastics 
 Paper and cardboard 

Manufacturing, formulation, supply and 

use (MFSU) 
 Park- and garden waste 

Exploration, mining, quarrying, physical 

and chemical treatment of minerals 
 Concrete and brick waste 

Chemical surface treatment and coating of 

metals and other materials 

Lightly contaminated waste 

Petroleum refining, natural gas 

purification and pyrolytic treatment of 

coal 

Slag, bottom ash and fly ash 

Wood processing and the production of 

panels and furniture, pulp, paper and 

cardboard 

Other waste 

Waste not otherwise specified in the list  
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2.4 Norwegian waste sites  

2.4.1 Landfills 

For landfills currently in operation, around 40% are estimated to have a lifespan above 25 years, 

17% in the range 16 – 25 years, 26% in the 6 – 15 year range and ~10% with lifespans less than 

5 years (Avfall Norge, 2016). The number of new landfills built every 10 years is decreasing 

since the 90's, attributed to increased focus on material recovery and the 80% volume reduction 

gained by combustion processes (Avfall Norge, 2016; Sun et al., 2016). 

Between the 90's and 2000's, the number of landfills in Norway declined rapidly from roughly 

500 in the 80's, to around 330 in 1992, to now just 62 landfills in use in 2016 (Avfall Norge, 

2016, 2017). Currently, 159 landfills for municipal and industrial waste are monitored for 

leachate compositions. Some of these are containing inert material and others are found to have 

leachate values higher than the accepted limits (Miljødirektoratet, 2015b). A total of 2160 

reported landfills are known to exist from older records, though little to no information on what 

waste types are disposed in these older abandoned landfills exists (Miljødirektoratet, 2017).  

2.4.2 Release of heavy metals from waste sites 

Leachate runoff from active and closed landfills are under monthly or yearly monitoring. Each 

landfill have reports on their leachate estimations since 2011 (Miljødirektoratet, 2015b). Figure 

5 presents the distribution of landfills reporting leachate emissions within certain ranges, 

independently of landfill area in the period 2011-2018. Average yearly Cu leachates per landfill 

are in the range of 0.1 – 10 kg, Pb leachates 0.01 – 1 kg, Cd leachates 10-4 – 0.1 kg and Zn 

leachates 0.1 – 100 kg. Statistically, each metal is leaching one order of magnitude more than 

the next, in the order from highest to lowest; Zn, Cu, Pb and Cd (Miljødirektoratet, 2015b). 
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Total combined leachates have been stable in the monitored period. Per year, release of Zn is 

the highest of the studied metals, with leachate values averaging 3108 kg year-1, followed by 

Cu averaging 478 kg year-1, Pb with 211 kg year-1 and Cd averaging 6 kg year-1 

(Miljødirektoratet, 2015a). Figure 6 presents the total leached values from monitored 

Norwegian waste sites over time. 

Total leaching of Total Organic Carbon (TOC) from Norwegian waste sites average roughly 

1354 kg year-1 and are reasonably stable within the monitoring period (Miljødirektoratet, 

2015a). Total leached TOC for monitored landfills per year is presented in Figure 6. 
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Figure 5: Distribution of reported release of Cu, Pb, Cd and Zn from Norwegian 

waste sites via water runoff into the environment (Miljødirektoratet, 2015b). Each 

point represent the number of landfills reporting leachate values between the tick 

mark values.  

Figure 6: Summarized leaching of heavy metals and TOC from monitored 

Norwegian waste sites over the period 2011 - 2018 (Miljødirektoratet, 2015b). 
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2.5 Leaching mechanisms 

Whenever liquids are in contact with solid material, leaching can occur where elements are 

transferred between the phases (Quina, Bordado and Quinta-Ferreira, 2009). The different 

chemical mechanisms responsible for releasing components into water should be understood 

when discussing the continuous and long term process that is leaching. The main mechanisms 

of leaching are ion, electron and oxidative transfer. The parameters affecting leaching rates like 

pH, Redox potential and Alkalinity should also be taken into account. All diffusion processes 

in leaching mechanisms follow first order kinetic rates (Crundwell, 2013). 

2.5.1 Diffusive mechanisms 

Ion transfer 

During ionic leaching on a molecular level, the bonds of an atom are broken from the surface 

of a mineral or solid, forming a charged ion moving from a solid phase to the aqueous phase 

into the contacting dissolving liquid (Crundwell, 2013). The reaction of ion transfer is presented 

in Equation 1. When solved in the leaching solution, ions can form complexes with other 

dissolved compounds. The transfer rate of ions from a surface to the solution is dependent on 

the potential electrical difference between the solid and the solution (Crundwell, 2013). 

However, leaching rates are not constant for the same bulk of solute, as saturation leads to 

reduced solubility. Frequent renewal of solvent liquid is required to maintain a continuous 

leaching process (Van Der Sloot, 1990). 

Equation 1 𝐴𝑠
+ + 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 = 𝐴𝑎𝑞

+ (𝑠𝑜𝑙𝑣𝑒𝑛𝑡) 

 

Where As
+ is the ion on the solid and Aaq

+  is the ion solved into the solution (Crundwell, 2013). 

Electron transfer 

Electrons can travel from the solid to the solution and then bind to a cation reducing it to a 

lower oxidation state (Crundwell, 2013). Due their quantum nature, electrons can "tunnel" past 

the activation barrier that would otherwise keep them bound to the solid at low energy levels. 

The rate of transfer is then dependent on the probability for the electron to tunnel through the 
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activation barrier (Crundwell, 2013). Equation 2 presents the interaction of a solved compound 

interacting with an electron in a solid. 

Equation 2 𝐴𝑎𝑞
2+ + 𝑒𝑠

− = 𝐴𝑎𝑞
+  

 

Where 𝐴𝑎𝑞
2+ is the solvent compound, 𝑒𝑠

− is the electron in a solid and 𝐴𝑎𝑞
+  is the reduced 

compound after interaction (Crundwell, 2013). 

Oxidative transfer 

A dominant process in leaching is the dissolution of a solid bound compound with the help of 

an oxidant (Crundwell, 2013) and presented in Equation 3. The oxidant accepts an electron 

from the solid bound compound, allowing the now ionized compound to be dissolved into the 

leaching liquid.  

Equation 3 𝐴𝑠 + 𝐵𝑎𝑞
(𝑥)+

→ 𝐴𝑠 + 𝑒𝑎𝑞
− + 𝐵𝑎𝑞

(𝑥−1)+
→ 𝐴𝑎𝑞

+ + 𝐵𝑎𝑞
(𝑥−1)+

 

 

Where As is the solid bound compound, Baq
(x)+

 is the oxidant of any electron accepting oxidation 

state, eaq
−  is the electron accepted by the oxidant and Aaq

+  is the reduced solved compound 

(Crundwell, 2013). The half reaction of 𝐴 moving from the solid to the aqueous phase is 

irreversible, and the rate of dissolution is dependent on the slowest half reaction in the total 

reaction (Crundwell, 2013). 

2.5.2 Parameters affecting leaching 

The leaching capacity of a leachate liquid is controlled by a number of parameters, some of 

which are more profound than others in a given situation (Van Der Sloot, Comans and Hjelmar, 

1996). Physical parameters include liquid to solid ratio, contact time, temperature and leachant 

composition, while chemical parameters include pH, redox potential and complexation (Van 

Der Sloot, Comans and Hjelmar, 1996; Quina, Bordado and Quinta-Ferreira, 2009). Leaching 

capacity typically increase with increasing liquid to solid ratios, contact time, temperature and 

redox potential, while pH, complexation and leachant composition influence leaching 
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differently depending on the leachate (Van Der Sloot, Comans and Hjelmar, 1996). Redox 

potential and pH are generally the main influencers and are discussed further in this chapter. 

Contact time are an important factor, but only within a limited period or where liquid solid 

ratios are very high, as otherwise the majority of leaching happen within hours of initial contact 

between the liquid and solid (Kavanaugh et al., 2013). 

pH 

A considerable limiting factor of leaching behavior is the solubility of the leaching solution. 

The pH of the solution directly affects its solubility, making it one of the strongest influencers 

on leaching potential (Quina, Bordado and Quinta-Ferreira, 2009). Several studies has observed 

amphoteric behavior for Cu Pb and Zn, where leachate rates increase in both acidic and basic 

conditions, with a middle low point around pH 7 – 11. For Cd, acidic conditions increase 

leaching capacities, however basic conditions does not (Van Der Sloot, 1990; Quina, Bordado 

and Quinta-Ferreira, 2009; Komonweeraket et al., 2015). Leaching amounts and pH influences 

differ depending on the element, the waste material used and leaching method used. The effect 

of pH on leaching potentials is presented in Figure 7. 

It should also be noted that as a direct influence on pH reduction, the acid neutralization 

capacity, or alkalinity of the leachate reduces potential leaching capacity (Quina, Bordado and 

Quinta-Ferreira, 2009). The alkalinity of waste is roughly dependent on the presence of oxides 

like CaO, MgO etc., being mostly present in most waste leachates (Van Der Sloot, 1990). 

Leaching capacities of MSW in rainwater with pH 5.5 – 5.7 can therefore quickly rise to higher 

pH values, resulting in lower leaching capacities.  
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Redox potential 

The process of electron exchange in redox reactions are considered to be slower than proton 

transfer activity defined by pH, but is thought to be of significant influence in long term 

leaching processes, or when catalyzed by bacterial processes (Dusing, Bishop and Keener, 

1992; Appelo and Postma, 2004). In order for redox processes to influence leaching potential, 

species within the liquid solid interaction must be sensitive to electron exchange redox 

processes, and the subsequent change on a species oxidation state in turn influences further 

diffusive mechanisms detailed in 2.5.1 (Okkenhaug, 2019).  

Figure 7: Leaching potentials of Cu, Pb, Cd and Zn from waste influenced by pH. Values 

are approximate regressions modified from (Van Der Sloot, Comans and Hjelmar, 1996; 

Quina, Bordado and Quinta-Ferreira, 2009; Komonweeraket et al., 2015).  
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2.6 Metal mobility and transport 

The toxicity and bioavailability are not only dependent on the total concentration in the soil, 

but also the mobility of metals and their complexes in groundwater systems (Abollino et al., 

2002). Metals mobility is generally largely controlled by sorption processes with organic matter 

(OM) and clay particles (Adriano, 2001; Appelo and Postma, 2004). Metals can be complexed 

with organic matter like humic or fulvic acids, where humic acids generally have higher 

molecular weights. Fulvic acids are generally more mobile compared to humic acids due to 

their lower molecular weights, in addition to complexing metals more efficiently than humic 

acids. Metals complexed with fulvic acids are slightly bioavailable, but considered mostly 

unavailable when complexed with humic acids (Adriano, 2001). Complexations with clay 

minerals are still mobile in the soil groundwater system, though some retardation is expected 

(Appelo and Postma, 2004). Complexations of metals creating more stable minerals can be 

precipitated from the groundwater solution, effectively immobilizing the metal (Adriano, 

2001). 

2.6.1 Copper 

Copper in soil systems are mainly complexed in the order organic matter > Fe or Mn oxides > 

clay minerals (Alloway, 2013). World soils are capable of complexing 73 – 99.96 % of copper 

when spiked with CuCl2 concentrations up to 3700 mg kg-1, where up to 98 % are complexed 

to organic matter. Organic matter affinity for Cu are stronger than for Pb, Cd and Zn, allowing 

Pb, Cd and Zn to be more mobile in solutions (Adriano, 2001). Freely dissolved Cu2+ are the 

form of copper viewed as the most mobile and bioavailable, though concentrations are 

drastically reduced over pH 7 due to increased complexation (organic and non-organic) at 

higher pH levels (Adriano, 2001; Alloway, 2013). In alkaline soil systems, free Cu2+ 

concentrations typically range between 10-9 to 10-8 and Cu precipitates as copper(II)hydroxide 

(Cu(OH)2) or tenorite (CuO) (Alloway, 2013). If high carbonate concentrations are available, 

copper carbonate minerals like malachite (Cu2CO3(OH)2) and azurite (Cu3(CO3)2(OH)2) can 

precipitate (Adriano, 2001). 

2.6.2 Lead 

Increased complexation with organic matter at increasing pH levels result in Pb being mostly 

unavailable for plants at pH 7 and above. Between 80 and 99 % of Pb can be complexed with 
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organic matter at pH 7 (Adriano, 2001). Organic matter affinity of Pb is higher than Cd and 

Zn, resulting in higher mobility of Cd and Zn compared to Pb in the soil (Adriano, 2001). 

Sorption of free Pb2+ on clay particles and the degree of Pb hydrolysis is mainly controlled by 

pH (Alloway, 2013). Pb complexes easily as lead(II)sulfate (PbSO4) or lead(II)phosphate 

(PbPO4) at low pH levels, immobilizing it.  At pH levels 8, free Pb2+ is replaced by PbOH+ as 

the dominant non-organic metal species, and lead(II)hydroxide (Pb(OH)2) at pH levels above 8 

(Adriano, 2001). The formation of stable Pb phosphate minerals can lead to immobilization and 

precipitation of Pb due to the low solubility pyromorphites. Their stability is in the order 

Pb5(PO4)3Cl > Pb5(PO4)3Br > Pb5(PO4)3OH > Pb5(PO4)3F (Adriano, 2001). 

2.6.3 Cadmium 

Organic matter are one of the major contributor to Cd complexing in soils, when present in 

adequate amounts, resulting in less mobile and bioavailable concentrations of Cd (Adriano, 

2001). Due to the affinity for Cu and Pb above Cd, when present simultaneously in a solution, 

Cd is generally less complexed with organic matter compared to Cu and Pb, though significant 

organic matter concentrations can still complex the majority of all metals resent (Adriano, 

2001). Free Cd2+ is generally the most mobile and bioavailable fraction of Cd species (Alloway, 

2013). Cd is readily available at pH levels below 7, and the majority is typically complexed at 

pH levels exceeding 8 (Adriano, 2001). Cd carbonates (CdCO3) typically dominate the soluble 

Cd species at pH levels above 9, with CdHCO3
+ being stabile narrowing around pH 8 (Adriano, 

2001).  Other Cd complexes like CdSO4, CdCl+ and CdOH+ are marginally present (Adriano, 

2001). 

2.6.4 Zinc 

Zn complexes are dependent on surrounding conditions, where if carbonate rich alkaline 

conditions are present, Zn carbonate species are dominant, and organic complexations are 

dominant when the solution is organic rich (Adriano, 2001). Since Cu and Pb have stronger 

affinities for organic complexation, Zn can be relatively more mobile or complexed with clay 

particles, hydroxides or carbonates (Adriano, 2001). Zn is less bioavailable in alkaline 

compared to acidic soils due the increased solubility and thus complexations with organic 

matter, in addition to complexations and precipitation of Zn carbonates and Zn hydroxides. At 

pH levels below 8, free Zn2+ are available, replaced by Zn(II)hydroxide (Zn(OH)2) at pH 8-11, 
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assuming Zn mixed in a pure water phase (Adriano, 2001). Zn complexes with Cl-, NO3
- and 

SO4
2- typically does not affect sorption and consequently mobility of Zn (Adriano, 2001). 

2.7 Environmental effects of Cu, Pb, Cd & Zn 

2.7.1 Hazards and risk of heavy metal exposure 

The input of heavy metals in the soil and groundwater system through leaching can lead to 

undesirable impacts on the environment and humans. By identifying sources, pathways from 

the source and the impacts it can have on different targets, possible hazards can be evaluated 

and assessed. Possible pathways from metals in the soil and groundwater to humans and the 

environment are presented in Figure 8. A risk assessment of leaching processes should include 

an understanding of the consequence and probability for these consequences to occur 

(Breedveld, 2018). The consequences of exposure to the heavy metals Cu, Cd, Pb and Zn are 

detailed in 2.7.5 to 2.7.8. Risk of exposure via different routes is dependent on the compounds 

quantity or concentration (i.e. toxicity), bioavailability and the organism it is exposed to. 

Several routes may lead to exposure simultaneously or within a time interval that leads to 

accumulation in animals and humans until body burden reach toxic levels. Soil and water are 

the main factors for internal exposure in plants, though accumulations can occur on the plant 

surface, e.g. by pesticides or airborne compounds (Adriano, 2001).  

 

 

 

 

 

 

 

 Figure 8: Exposure routes from contaminants in soil and groundwater to 

the environment and humans. Modified from (Breedveld, 2018). 
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2.7.2 Bioavailability 

When discussing potential hazards and risks of heavy metals and trace metals, it is important 

to note that the concentrations of a metal in the environment is only hazardous in certain 

molecular complexes, states, and amounts, and these can vary depending on the types and 

differences of organisms that are exposed and their natural environment (Adriano, 2001; 

Breedveld, 2019b). In order to possess any environmental risk, compounds must be accessible 

for uptake and/or interaction with the immediate biota or organisms. The fraction of total 

compounds that is accessible for uptake in the organism is considered the bioavailable fraction 

(Alloway, 2013). Compounds chemically bound in certain complexes or spatially unavailable 

are considered not bioavailable to the organism. For example, in many cases, the metal 

dissolved in water but complexed with dissolved organic carbon (DOC) is not immediately 

available (Adriano, 2001). However, weak electrostatic bound metals in organic matter are 

exchangeable (Alloway, 2013). Metals can be present in a variety of physio chemical forms 

varying with respect to charge and density. Biological uptake depend on speciation, and it is 

generally assumed that low molecular mass species, including ions, are more bioavailable than 

particle bound metals (Heier et al., 2010). The solubility of metals generally decrease with 

increasing pH levels up to pH 9 – 10, reducing the bioavailability of the metal, as presented in 

Figure 7 (Adriano, 2001; Alloway, 2013). 

2.7.3 Essential metals 

Copper and zinc are considered essential to most organisms to function as long as the amounts 

are within the organism's limitations, and a deficiency of these metals can lead to health effects, 

like failure to grow normally and/or reproductive failures (Adriano, 2001).  When available 

concentrations exceed the limit of deficiency within the organism, concentrations are 

considered normal and the organism can handle further increase in concentration until a 

specified limit. Within the normal range the organism are able to store the metals within itself, 

bind the metal to insoluble complexes and/or excrete of excess amounts. When organisms no 

longer can handle the load of one or more metals, concentrations are considered toxic to the 

organism, and eventually lethal in higher concentrations (Adriano, 2001). The threshold 

between toxic and lethal levels are defined by the lowest concentration with No Observable 

Adverse Effects Level (NOAEL) or the Lowest Observable Adverse Effect Level (LOAEL), 

illustrated in Figure 9 alongside deficiency and normal tolerance. 



25 

 

 

 

 

 

 

 

2.7.4 Drinking water limits 

The World Health Organization (WHO) (Gorchev and Ozolins, 1984), European Union 

Drinking Water Directive (EU DWD) (European Union, 1998) and Unites States Environment 

Protection Agency (US EPA) (USEPA, 2018) have their own standards and limits for heavy 

metal concentrations in drinking water, presented in Table 5. It should be noted that for Zn, no 

health based guidelines have been proposed, and drinking water limits are based on taste and 

visual properties (Gorchev and Ozolins, 1984). Norwegian drinking water legislation follows 

the same drinking water limits as the EU DWD (Helse- og omsorgsdepartementet, 2016). 

Table 5: Drinking water limits for heavy metals. Values in mg L-1. 

Compound WHO EU DWD US EPA 

Copper 2 2 1.3/2** 

Lead 0.01 0.01 0.015 

Cadmium 0.003 0.005 0.005 

Zinc 5/3* n.m. n.m./5** 

*based on customer acceptance, **Secondary limits (not enforced), n.m.: not mentioned 

2.7.5 Copper 

Background levels 

Copper content in world soils is estimated to range between 2 and 250 ppm, with an average of 

30 ppm (Adriano, 2001) or 2 and 50 ppm (Alloway, 2013). Natural isotopes of copper are 62Cu 

and 65Cu with relative abundancies of 69.1 and 30.9 % respectively. CU usually occurs in 

oxidation states I and II, and estimated bioavailable Cu ranges between 0.1 to 10 ppm depending 

Figure 9: Dose-response relationship for essential elements in higher plants and 

humans, modified from (Adriano, 2001). 
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on testing method and on site factors. Solubility of Cu is drastically reduced over pH 7, and 

readily available below pH 6 (Adriano, 2001). Most (>90%) of dissolved Cu in soils is 

complexed with dissolved organic matter (Alloway, 2013). Bioavailable Cu is largely 

controlled by the presence of iron, manganese and DOC (Adriano, 2001). 

Effect on the environment 

Deficiency of Cu in crops and higher plants can lead to growth and reproductive inabilities, 

abnormal coloring, and lower yields and quality. For most plants, 4 – 20 ppm are considered 

in-between deficient and toxic, depending on the species, excluding highly tolerant and 

sensitive plants (Adriano, 2001). High Cu concentrations (20-100 ppm) can lead to phytotoxic 

effects in plants. Copper toxicity symptoms in plants include reduced development, discoloring 

and breakdown of chlorophyll (Adriano, 2001). Elevated soil Cu concentration cause toxic 

effects in all terrestrial organisms like plants, invertebrates and micro-organisms and can affect 

soil ecosystem functioning (Alloway, 2013).  

The bioavailability or toxicity of Cu in aquatic system is largely attributed to the free ion Cu2+ 

rather than complexed versions of the metal (Adriano, 2001). Cu is present as Cu2+, tenorite 

(CuO) and copper(II)hydroxide (Cu(OH)2), where CuO is very insoluble, Cu(OH)2 is 

reasonably soluble and potentially bioavailable, and free Cu2+ is very soluble and readily 

available (Adriano, 2001). The persistency of Cu and its salts lead to bioaccumulation in tissues, 

leading to toxic effects in concentration higher than 10 to 50 times the normal dose range of the 

organism (Adriano, 2001). Concentration causing adverse effects in aquatic system has been 

reported to be as low as 1.2 – 1.3 µgL-1 (Adriano, 2001). 

Effect on humans 

Cu deficiency in humans is rare, and it is usually low Cu causing high Zn/Cu ratio that leads to 

increased risk of heart disease. Uptake of ingested Cu via the diet ranges between 30 – 50% and 

about 2% of body Cu is lost daily (Adriano, 2001). Secondary poisoning of Cu through the food 

chains to humans is considered of low risk due to the strong homeostatic regulation of the 

element in food plants and livestock feeding on plants, and so deficiency pose a higher risk to 

humans due to the fact that it is an essential element (Alloway, 2013). Table 6 presents 

suggested safe and adequate daily intake of Cu, assuming age groups with average weights.  
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Table 6: Estimated recommended daily intake and safe upper limit for daily intake of copper, assuming average 

body weights at the respective ages (Adriano, 2001; Alloway, 2013). 

Category Recommended daily intake Safe upper limit for daily intake 

 Age (yr) Cu (mg day-1) Age (yr) Cu (mg day-1) 

Infants 0.0 – 0.5 0.2 0.0 – 0.5 0.4 – 0.6 

 0.5 – 1 

 

 

0.22 0.5 – 1 0.6 – 0.7 

Children and adolescents 1 – 3 0.34 1 – 3 0.7 – 1.0 

 4 – 8 0.44 4 – 6 1.0 – 1.5 

 9 – 13 0.7 7 – 10 1.5 – 2.0 

Adults 13+ 0.9 11+ 1.5 – 3.0 

2.7.6 Lead 

Background levels 

Pb is a non-essential element with typical concentrations in arable soils ranging between 2 – 

300 ppm, averaging 15 – 25 ppm in world soils. Soils remote from anthropogenic impacts 

averages to about 10 – 30 ppm (Adriano, 2001). Pb has four stable isotopes 204Pb, 206Pb, 207Pb 

and 208Pb with abundances of 1.48, 23.6, 22.6 and 52.3 % respectively, and occurs normally in 

oxidation states II and IV, with the prior being dominant in soils and organic complexes 

(Adriano, 2001; Alloway, 2013). Pb in soils exists as Pb II under oxidizing conditions but 

becomes less soluble with increasing pH, typically pH 4 and above, due to complexation with 

organic matter, clay sorption or precipitation complexes like Fe oxides. Solubility increases in 

more alkaline conditions due to soluble complexes forming. About 60 – 80 % of total dissolved 

Pb are typically in organic complexes (Alloway, 2013). Due to the strong complexation of Pb 

at relatively low pH, total Pb in the soil is not a good indicator of Pb bioavailability (Adriano, 

2001). Bioavailability is estimated using various extraction methods, where the bioavailable 

fraction range between 1 – 32.7 % of total Pb depending on the method (Adriano, 2001). 

Effect on the environment 

In plants such as crops and trees, Pb accumulates mostly in the roots of the plant and comparably 

very little in the cortex and shoots due to formation of Pb complexes with the root cell wall 

constituents (Adriano, 2001). Pb phytotoxicity in plants are relatively low compared to other 

heavy metals due to leads affinity for complexation in the soil and subsequently low 
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bioavailability. Nevertheless, soils with high Pb content can lead to accumulation of Pb in plants 

and cause growth inabilities and lower fauna diversity (Adriano, 2001). 

Acute Pb poisoning in animals can lead to central nervous system damages inhibiting the ability 

to synthesize red blood cells, reproduction inabilities and behavior effects (Greene, 1993). 

Some symptoms include depression, motor abnormalities, blindness and in some cases death 

even before symptoms arise (Adriano, 2001). Pb blood levels are considered acute at 

concentrations >35 µg dL-1 (Adriano, 2001). Dietary intake of 2 – 8 mg Pb per kg bodyweight 

will eventually cause death in most animals (Greene, 1993). 

Effect on humans 

Absorption of Pb in the gastrointestinal system is typically 10 – 15 % of intake, and up to 50 % 

in pregnant women and children under the age of 6 (Adriano, 2001). Symptom causing 

concentrations of Pb typically ranges from 35 – 50 µg dL-1 for children and 40 – 60 µg dL-1 for 

adults, whereas severe toxicity is found in blood levels >70 µg dL-1 in children and >100 µg 

dL-1 in adults. Reference blood values ranges between 7 to 22 µg dL-1 (Adriano, 2001). Young 

children and developing fetuses are most susceptible to damages caused by Pb exposure. Lead 

is stored in the blood, soft tissues like the kidney and brain, and mineral tissue such as bone and 

teeth. Subsequently, when Pb replaces nutrients in developing bone and brain tissues, 

permanent damage can occur (Prasad, Mahatma and Vishwa, 2013). Notable symptoms from 

Pb poisoning include abnormal bone growth, mental deficiencies and behavioral problems 

(Adriano, 2001; Prasad, Mahatma and Vishwa, 2013). Adults can experience damage to the 

central nervous system causing mental disorders and motor abnormalities, blood system 

causing decreased blood pressure and reproductive inabilities (Adriano, 2001). Due to its 

bioaccumulative nature, Pb is a continuously posing a threat to humans and the environment 

(Greene, 1993). 

2.7.7 Cadmium 

Background levels 

Unpolluted world soil has Cd concentrations averaging 0.35 ppm, ranging from 0.01 to 2.0ppm 

(Adriano, 2001) or 0.1 – 1 ppm (Alloway, 2013). Cadmium is naturally found as 106Cd, 108Cd, 

110Cd, 111Cd, 112Cd, 113 Cd, 114Cd and 116 Cd in relative abundancies of 1.22, 0.88, 12.39, 12.75, 
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24.07, 12.26, 28.86 and 7.58 % respectively (Adriano, 2001). Cd commonly exists in oxidation 

state II in nature. The retention of Cd in soils is mainly determined by pH, where lower pH 

yield higher Cd water/soil ratios. Precipitation of Cd2+ or Cd complexes are limited unless at 

excessive amounts and pH above 7 (Adriano, 2001). Bioavailable Cd is somewhat 

concentration dependent, increasing nearly linearly with increased solubility and consequently 

increasing with lower pH levels, but usually at a fraction less than 20 % of total sorbed Cd 

(Adriano, 2001; Alloway, 2013). 

Effect on the environment 

Cadmium is an non-essential element that can affect the environment even at trace levels 

because of its well documented toxicity (Alloway, 2013). Because uptake of Cd in plants is not 

regulated by physiological demands, plant Cd concentration is dependent on soil Cd 

concentrations (Adriano, 2001; Alloway, 2013). Zinc is an essential element to plants and also 

a chemical analogue for Cd, resulting in Cd uptake increasing with Zn deficiencies in the soil 

(Alloway, 2013). When taken up by the roots, Cd is distributed throughout the entire plant, 

sometimes accumulating to higher than soil concentration depending on the plant (Adriano, 

2001). LOAEL concentrations in plants has been found between 2.5 and 1000 ppm (Alloway, 

2013). 0.2 – 9 ppm in the soil solution and ≤3 to >80 ppm in plant tissue was found causing 50 

% grain yield reduction (Adriano, 2001). Elevated levels of Cd in plants can lead to root and 

height growth retardation, enzymatic and nutrient absorption interference as well as 

peroxidation of cell membranes (Adriano, 2001).  

The toxicity of Cd to plants is relatively low compared the risk to wildlife and humans 

(Alloway, 2013). In mammals, Cd bio accumulate mainly in the liver and kidneys. Cadmium 

induced injury to wildlife include liver and kidney damage, scaly skin, anemia, enlarged joints 

and otherwise reduced growth (Adriano, 2001). Elevated Cd levels in the soil are considered as 

ten times background values, or when kidney and liver Cd concentrations in wildlife exceeds 

0.01 µg kg-1. At this point concentrations are considered critical and potentially hazardous for 

wildlife ecosystems (Adriano, 2001; Alloway, 2013). 

Effect on humans 

Since Cd has a long body half-life (15 – 20 years), even slight intake elevations can lead to 

harmful accumulation. Estimated safe daily intake of Cd is 70 µg d-1 for humans at 70 kg. 
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Typical daily intake of Cd ranges around 10 – 20 µg kg-1 (Alloway, 2013) or 25 – 60 µg kg-1 

(Adriano, 2001). Cd accumulates in the kidneys, and can in sufficient concentrations affect the 

respiratory system and cause bone disease. Total lifetime intake of 2 – 10 g Cd (equating to 

~300 µg day-1) have led to intoxication and death in humans (Alloway, 2013). 

2.7.8 Zinc 

Background levels 

Zinc is an essential element that appears in nature with oxidization state II in all its complexes, 

and are stable as 64Zn, 66Zn, 67Zn, 68Zn, and 70Zn with relative abundancies of 48.89, 27.81, 

4.11, 18.56, and 0.62 % respectively (Adriano, 2001). Typical soil concentrations are 10 – 100 

ppm (Alloway, 2013) or 10 – 300 ppm, averaging 90 ppm (Adriano, 2001). In the soil Zn is 

dominantly bioavailable while adsorbed to material, while freely soluble Zn amounts are 

negligible (Adriano, 2001). pH and organic matter affect the bioavailability of Zn, increasing 

as pH and organic matter increases independently, excluding the organic complexes that can 

form at high levels of organic matter (Adriano, 2001). 

Effect on the environment 

Representative values from fractional Zn extraction methods like diethylenetriamine 

pentaacetic acid (DTPA) can be used to indicate potentially deficient and high Zn concentration 

in soils, where <0.5 ppm partly extracted indicate deficiency, and >1.0 DTPA extracted Zn 

indicate high values (Adriano, 2001). As an essential element for most lifeforms, deficiency is 

a real risk and can be caused by the lack of Zn in the soil or conditions allowing insufficient 

bioavailable fractions of the Zn present in the soil (Adriano, 2001). Normal Zn concentrations 

in plant tissue vary between 25 and 150 ppm, suggesting <20 ppm to be possibly deficient. 

Visible symptoms of deficiency in plants include reduced and deformed leaf and branch growth, 

in addition to reduced crop yield (Adriano, 2001).  Animals have no ability to store Zn, and 

need continuous supplies in adequate amounts to avoid deficiencies. Changes in the soil 

reducing the bioavailable Zn fraction is one of the important factors inducing Zn deficiencies 

in animals, causing decreased growth, hair and skin damage and testicular decay (Alloway, 

2013). 
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Toxic effects can occur in plants when Zn in soils exceed 100 – 1000 ppm (Alloway, 2013). 

Reduced yield and growth both in leafs and seeds have been found in plant tissues exceeding 

100 ppm. High concentrations of Zn can inhibit sufficient growth of saplings and therefore 

prevent forest regeneration (Adriano, 2001). Accumulation or short term release of Zn2+ in the 

soil lead to acidic conditions and toxic effects can be related to the decrease in pH (Alloway, 

2013).  

Effect on humans 

Uptake of dietary Zn is assumed to be around 20 % (Adriano, 2001). Zinc is essential for a 

number of biomechanical functions in humans and animals, many connected to protein and 

enzyme production. Deficiency of Zn can lead to anemia, weakened immune response, 

neurophysiological damages and impaired development in children and infants (Adriano, 2001; 

Alloway, 2013). Table 7 present the safe and recommended daily quantities of Zn for humans 

at different ages, assuming average body weights. 

Secondary poisoning of Zn is very rare due to the limited uptake in plants and animals higher 

in the food chain (Alloway, 2013). Intake of high Zn concentrations is usually medicinal and 

can affect the metabolism. The lowest lethal dose in humans is estimated at ~50 mg ZnCl2 or 

106 mg ZnSO4 per kg bodyweight and the highest tolerable daily intake is 0.30 – 1.0 mg kg-1 

body weight (Adriano, 2001). 

Table 7: Estimated recommended daily intake and safe upper limit for daily intake of zinc, assuming average body 

weights at the respective ages (Adriano, 2001; Alloway, 2013). 

Category Recommended daily intake Safe upper limit for daily intake 

 Age (yr) Zn (mg day-1) Age (yr) Zn (mg day-1) 

Infants 0.0-0.5 2 0.0-1.0 5 

Children 0.5-1 

 

 

3 1.0-10 10 

Males 9-70+ 11 11+ 15 

Females 9-70+ 8-9 11+ 12 

    Pregnant 19-50 11  15 

    Breastfeeding      

          1st 6 months 19-50 12  19 

          2nd 6 months 19-50 12  16 
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2.8 Geochemical modeling 

Modeling of cation binding, or metal binding to organic substances in waters is an important 

process affecting the total concentrations of free metal ions in the solution, complexed metals 

and chemical equilibriums such as ionic strength and charge balance. Speciation, transport and 

toxicity of the metals in the environment is affected as a result of organic complexation 

(Kinniburgh et al., 1999). Approximations to humic substance complexations are complicated 

due to the heterogeneousness of humic matter, with multiple combinations of functional groups, 

molecule sizes and solubilities (Jon Petter Gustafsson, 2018).  

2.8.1 Humic substances 

Dissolved organic carbon in leachate waters contain some amount of organic matter, 

represented in modeling by humic substances, allowing for metal-humic complexation (Jon 

Peter Gustafsson, 2018). Humic substances are the generalization of relatively high molecular 

mass organic matter, present in nature in soils and waters at 0.1 – 200 mg L-1 (Kinniburgh et 

al., 1996; Maccarthy, 2001). Humic substances are divided into humic acids, fulvic acids and 

humin. Humic acids are the fraction of organic matter only soluble under alkaline conditions 

and typically have high molecular mass. Fulvic acids are matter with lower molecular mass, 

and high solubility at all pH values (Maccarthy, 2001). Humin are not soluble in water, and is 

generally not included in modeling mechanics. Humic substances are dominantly comprised of 

oxygen type functional groups like phenolic and carboxylic acids, enols, quinones and ethers, 

where the two prior are most used in modeling (Maccarthy, 2001).  

When pH change from alkaline to acidic conditions, humic acids first deprotonate at phenolic 

and carboxylic groups and tend to stretch out due the negative repulsion of its deprotonated 

groups. When the functional groups are reprotonated, one or several molecules coil or cluster 

together with hydrophobic portions forced inwards and hydrophilic groups in contact with the 

water forming a micelle-like structure (De Melo, Motta and Santana, 2016). The resulting 

organic structure are able to dissolve more easily due to the shielding of its hydrophobic 

portions.  

Deprotonation and element substitution of phenolic and carboxylic groups in humic and fulvic 

acids allow for metal complexation and transport of soil surface complexed metals in aqueous 

systems (De Melo, Motta and Santana, 2016). Coiled and clustered humic substances can form 
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surrounding polydentate ligand bonds within the humic molecular structure, allowing for 

chelation bonds with affinity for heavy metals, essentially removing it from the soil water 

system by encompassing the metal. The number of electrostatic binding sites to the metals by 

the surrounding molecule are called dentate, prefixed numerically. Column retention 

experiments suggest humic acids to have affinity for metals in the order Pb2+ > Cu2+ > Cd2+ > 

Zn2+ (Yates and Von Wandruszka, 1999).  

Elements complexed on the surface of humic acids or on smaller fulvic acid structures are 

available for plant root uptake. Plant root hairs have a stronger affinity for cation complexation 

and will reprotonate humic molecules in exchange for metals, leading to increased 

micronutrient uptake in plants in the presence of humic substances (De Melo, Motta and 

Santana, 2016). 

2.8.2 NICA-Donnan modeling 

The combination of the Non-Ideal Competitive Adsorption model, or NICA, and the Donnan 

model, is a good predictor of humic substance metal complexation (Kinniburgh et al., 1996). 

As an alternative to the Stockholm Humic Model, or SHM, the NICA-Donnan model can only 

be used for aqueous speciation, but has a greater available database. The SHM can be used for 

both aqueous and solid solution speciation, although this is redundant if no solid particles are 

assumed. Both models currently provide non-ideal simulations of proton metal binding ratios. 

The Donnan model 

In the Donnan model, humic and fulvic acids are considered as permeable gels, or Donnan 

phases, separating two water phases (Jon Peter Gustafsson, 2018). The gel structure is assumed 

to have a uniform averaged electrostatic potential named the Donnan potential (Kinniburgh et 

al., 1996). The model does not require assumptions about the geometry of the humic particles 

(Kinniburgh et al., 1999). The negative charge of humic substances attract and bind cations, 

and all cations in the Donnan phase is assumed to be bound, neutralizing all charge. The volume 

of the Donnan phase is expressed in Equation 4 (Jon Peter Gustafsson, 2018).  

Equation 4 𝑙𝑜𝑔 𝑉𝐷 = 𝑏(1 − 𝑙𝑜𝑔 𝐼) − 1 
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Where 𝑉𝐷 is the Donnan phase volume in L kg-1, 𝐼 is ionic strength and 𝑏 is the coefficient 

describing the Donnan volume's relationship with ionic strength. The coefficient 𝑏 is between 

0.3 and 0.5 for humic acids, typically around 0.43, and between 0.7 and 0.9 for fulvic acids 

(Kinniburgh et al., 1996, 1999).  

Since all negatively charged functional groups are assumed to be neutralized by metal cations, 

a charge balance between humic substances in the gel and metal ions in the solution can be 

established. The charge balance equation is given in Equation 5 (Jon Peter Gustafsson, 2018). 

Equation 5 

𝑞

𝑉𝐷
+ ∑ 𝑧𝑖(𝑐𝐷 − 𝑐𝑖)

𝑖

= 0 

 

Where 𝑞 is the charge of humic particles in eq kg-1, 𝑉𝐷 is the volume of the Donnan phase, 𝑐𝑖 

is the concentration of metal ion 𝑖 in the solution and 𝑐𝐷 is the concentration of metal ion 𝑖 with 

charge 𝑧𝑖 in the Donnan phase. The concentration of metal ion 𝑖 in the solution is assumed 

smaller than the concentration in the Donnan phase, and their relationship is described in 

Equation 16 (Jon Peter Gustafsson, 2018). 

Equation 6 𝑐𝐷𝑖
= 𝜒𝑧𝑖  𝑐𝑖 

 

Where χ is a Boltzmann factor related to the Donnan potential 𝜓𝐷 as presented in Equation 7 

(Kinniburgh et al., 1996). The other components are described in Equation 5. 

Equation 7 𝜒 = 𝑒𝑥𝑝 (−
𝑒𝜓𝐷

𝑘𝑇
) 

 

Where 𝑒 is the electron charge, 𝑘 is the Boltzmann constant and 𝑇 is absolute temperature in 

kelvin.  
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The NICA model 

The non-ideal competitive adsorption model assumes a continuous distribution of affinity sites 

for metal binding in the Donnan phase (Kinniburgh et al., 1996). To simplify competitive metal 

ion binding on humic substances, a one to one ratio between metal ions and binding sites is 

assumed, only considering monodentate binding (Kinniburgh et al., 1999). Another 

simplification in the model is assuming perfect site matching distribution for each metal in the 

solution (Kinniburgh et al., 1999). The simplified NICA model is presented in Equation 8. 

Equation 8 𝑄𝑖 =
𝑛𝑖

𝑛𝑟𝑒𝑓
𝑄𝑚𝑎𝑥,𝑟𝑒𝑓𝜃𝑖,𝑡 

 

Where 𝑄𝑖 is the amount of element 𝑖 bound in mol kg-1, 𝑛𝑖 is a ion specific parameter reflecting 

non-idealities occurring due to stoichiometry effects, 𝑛𝑟𝑒𝑓 is a constant reference parameter, 

usually referencing bound 𝐻+, described in Equation 11 (Jon Peter Gustafsson, 2018). 𝑄𝑚𝑎𝑥,𝑟𝑒𝑓 

is the maximum binding capacity for a reference species like 𝐻+. 𝜃𝑖,𝑡 is the fraction of all sites 

occupied by compound 𝑖, utilizing the extended Henderson-Hasselbalch equation with a 

correlated Sips distribution, presented in Equation 9 (Kinniburgh et al., 1999).  

Equation 9 𝜃𝑖,𝑡 = 
(�̃�𝑖𝑐𝐷,𝑖)

𝑛𝑖
 

 

{∑(�̃�𝑖𝑐𝐷,𝑖)
𝑛𝑖

𝑖

}

𝑝

 

∑(�̃�𝑖𝑐𝐷,𝑖)
𝑛𝑖

𝑖

 1 + {∑(�̃�𝑖𝑐𝐷,𝑖)
𝑛𝑖

𝑖

}

𝑝

 

Where �̃� is the median value of the affinity distribution for species 𝑖, 𝑐𝐷,𝑖 is the concentration 

of the reacting ion 𝑖 in the Donnan phase and 𝑝 is the width of the affinity distribution.  

The NICA model in Equation 8 can be extended to account for any number of different 

functional groups in the humic substance. Equation 10 accounts for carboxylic and phenolic 

groups and is written as:  

Equation 10 𝑄𝑖 =
𝑛𝑖

𝑛𝑟𝑒𝑓
(𝑄𝑚𝑎𝑥,1,𝑟𝑒𝑓𝜃𝑖,1,𝑡 + 𝑄𝑚𝑎𝑥,2,𝑟𝑒𝑓𝜃𝑖,2,𝑡) 
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Where carboxylic and phenolic parts of the distribution are referred to by subscripts 1 and 2 

(Kinniburgh et al., 1996). 

Qmax,ref as mentioned in Equation 8 describes the maximum binding sites in mol kg-1, usually 

referencing bound 𝐻+. The total sites for a divalent cation 𝑀2+ to bind to, per functional group 

referenced by 1 and 2, is given by the sum of all surface species concentrations, described in 

Equation 11. 

Equation 11 

𝑄𝑚𝑎𝑥,1,𝑟𝑒𝑓 = 𝑄𝑟𝑒𝑓,1 + 𝑄𝐻1 + ∑ 𝑄𝑀𝑖1 

𝑄𝑚𝑎𝑥,2,𝑟𝑒𝑓 = 𝑄𝑟𝑒𝑓,2 + 𝑄𝐻2 + ∑ 𝑄𝑀𝑖2 

 

Where 𝑄𝑟𝑒𝑓 is the number of free sites in the reference state, 𝑄𝐻 is the number of protonated 

sites and ∑ 𝑄𝑀𝑖
 is the number of sites occupied by divalent cations. When the total amount of 

particle site occupancies are established, a net charge in eq kg-1 can be estimated from the charge 

contributions per parameter, given in Equation 12 (Kinniburgh et al., 1996). 

Equation 12 

𝑞1 = −𝑄𝑚𝑎𝑥,1,𝑟𝑒𝑓 + 𝑄𝐻1 + 2 ∑ 𝑄𝑀𝑖1 

𝑞2 = −𝑄𝑚𝑎𝑥,2,𝑟𝑒𝑓 + 𝑄𝐻2 + 2 ∑ 𝑄𝑀𝑖2 

𝑞 = 𝑞1 + 𝑞2 

Where ∑ 𝑄𝑀𝑖
 is doubled due to its divalent charge.  

Combined NICA-Donnan model 

The net charge 𝑞 from Equation 12 is applied to the Donnan model in Equation 4, leaving only 

the Donnan volume to be calculated in the total equation. The total amount of metal ion 𝑖 bound 

in mol kg-1 is given as 𝑄𝑀𝑖𝑇, described in Equation 13 (Kinniburgh et al., 1996). 

Equation 13 𝑄𝑀𝑖𝑇 = 𝑄𝑀𝑖
+ 𝑉𝐷(𝑐𝐷,𝑖 − 𝑐𝑖) 
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The resulting combined NICA-Donnan model has been shown to provide good estimations on 

datasets of Cd2+, Cu2+ and Pb2+ in a wide range of pH, although the model does not completely 

predict the correct molar ratio between proton release and copper binding. The addition of 

𝑛𝑖 𝑛𝑟𝑒𝑓⁄  improves on the thermodynamically consistency of the model by improving the 

correlation of proton to copper ratios with those observed in studies. Still, the model only 

simulates ratios based on distribution affinities, and some deviancies from actual conditions are 

expected (Kinniburgh et al., 1999).  

When 𝑛𝐶𝑢2+ 𝑛𝐻+⁄  is close to 1, the metal is likely to be bond to a monodentate complex. 

Similarly, if the ratio is close to 0.5, a bidentate complex binding is more likely (Xu et al., 

2016). With high concentrations of copper, bidentate binding sites are shown to be preferred 

for both humic and fulvic acids. At low Cu concentrations, monodentate phenolic groups 

mainly control Cu binding (Xu et al., 2016).  

One of the problems with the NICA-Donnan model is the gel phase's dependence on the 

solution, where shrinking or swelling of the gel phase is possible due to variation with pH and 

metal binding. The consistent Donnan volume in the model might be too simplistic due to this, 

and high variability in the solution can cause inconsistent or inaccurate estimations (Gustafsson 

and Kleja, 2005). 

2.8.3 Visual MINTEQ 

Visual MINTEQ is a chemical equilibrium software used in calculating organic sorption and 

speciation. The total speciation of heavy metals are composed of three main categories; 

dissolved ions in the solution, carboxyl bound metals and phenolic bound metals (Xu et al., 

2016). While simultaneously calculating the organic matter complexations of cations, 

speciation of the free ions in the solution is calculated in Visual MINTEQ. No free ions is 

assumed to exist in the Donnan phase (Kinniburgh et al., 1999). Organic metal species are 

assumed to be non-bioavailable, and so the fraction of available metal complexes of free metal 

ions are estimated by the software. Calculated possible species occurring outside of organic 

complexes can be used to estimate compound mobility.  
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3 Material and methods 

Manual and instrumental methods of processing samples and data are presented and described 

in this chapter. Theory around the specific workings of machinery or methods are presented for 

processes where various approaches are available. Exceptions to expected behavior, form or 

procedure are noted with sample name.  

3.1 Sampling at the field sites 

3.1.1 Field campaign 

During several campaigns mid-2013 to mid-2014 (June-October 2013, October-December 

2013 and March-June 2014), samples were collected of various waste categories at twelve 

different facilities in the south-eastern Norway, with all facilities being visited two or more 

times to achieve a broad range of representative samples from different waste handling methods 

(Morin, Arp and Hale, 2015; Okkenhaug et al., 2015). Three of the twelve facilities were 

landfills accepting municipal and industrial waste such as bottom ash, fly ash and sewage sludge 

digestate (for compost), seven were sites that handles sorting and shredding of WEEE and/or 

vehicle waste and lastly two sites that incinerates combustible municipal waste. To ensure site 

anonymity, the locations or names of the facilities are not mentioned, but rather referred to as 

Landfill A – C, WEEE/vehicle sorting facility A – E and incineration/sorting facility A and B, 

as shown in Table 8 (Okkenhaug et al., 2015). 

3.1.2 Sampling  

Samples from the waste sites were collected from the waste categories of interest (Table 8). In 

this study a selection of samples has been used based on their representability of their waste 

category. For each waste category and its subcategory, material (4 – 12 kg) was collected into 

4 L polyurethane bags whilst wearing nitrile gloves (Arp et al., 2016). The material was picked 

after being deemed visually homogenous and representative of its waste subfraction. The 

material was then transported back to the laboratory and stored, some at 4 C (WEEE 2, 3, 5 & 

6) and the rest at room temperature.  
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3.2 Sample description  

The descriptions presented below are based on visual inspection of the samples. Their waste 

category origin is listed in Table 8. Dust fractions in the samples are considered as <0.01 mm. 

VF, Comb and WEEE sample categories describe vehicle fluff, combustibles and waste of 

electric and electronical equipment waste fractions, respectably.  

Table 8: Overview of sample material, its origin and category. 

Sample Reference Waste origin Waste category Composition Fraction 

VF 1 Landfill A Noncombustible fluff 

fraction, 2-8mm 

Vehicle fluff Relatively 

homogeneous 

Grains and 

dust 

VF 2 WEEE / 

Vehicle B 

Fluff from car, house 

-hold, little metal 

Vehicle fluff Very 

heterogeneous 

Fluffy 

VF 3 WEEE / 

Vehicle A 

Fluff fraction for 

burning 

Vehicle fluff Very 

heterogeneous 

Fluffy 

VF 4 WEEE / 

Vehicle E 

Coarse fraction of 

fluff for burning 

Vehicle fluff Extremely 

heterogeneous 

Fluff and 

grains 

Comb 1 Incineration / 

sorting A 

Fluff, thin matter Combustibles Relatively 

heterogeneous 

Dust and 

particles 

Comb 2 Incineration / 

sorting A 

Fluff coarse matter Combustibles Very 

heterogeneous 

Fluffy 

WEEE 1 WEEE / 

Vehicle D 

Plastic granulate Plastic Very 

homogeneous 

Particles / 

even sizes 

WEEE 2 WEEE / 

Vehicle D 

Plastic granulate  

with saw dust 

Plastic Relatively 

homogeneous 

Particles / 

even sizes 

WEEE 3 WEEE / 

Vehicle D 

Plastic granulate  

with saw dust 

Plastic Relatively 

homogeneous 

Particles / 

even sizes 

WEEE 4 WEEE / 

Vehicle B 

Fluff from plastic, 

EE waste 

EE waste Rather 

heterogeneous 

A bit of 

everything 

WEEE 5 WEEE / 

Vehicle B 

Non BFR plastic, 

from EE waste 

EE waste Rather 

heterogeneous 

A bit of 

everything 

WEEE 6 WEEE / 

Vehicle B 

BFR plastic from EE 

waste 

EE waste Rather 

heterogeneous 

A bit of 

everything 
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VF 1: Relatively homogenous sample 

consisting of mainly organic matter like wood 

splinters 0.1 – 40 mm, >80 % of total material. 

Plastic bits are present 0.1 – 15 mm in size, 

roughly 5 % of the total. Glass shards 0.1 – 2 

mm in size, <1 % of total. Stones 0.1 – 10 mm 

in size, 1 – 2 % of total. Pieces of metal, like 

copper flakes and metal string/wire, 1 – 10 

mm in length, <1 % of the total. The dust 

fraction is around 10 % of the total sample volume (Figure 10A). 

VF 2: Very heterogeneous sample with 

mostly fluffs and plastic. Fluff and organics 

10 – 100 mm in size dominates at ~70 % of 

the sample volume. Bits of plastics 10 – 150 

mm in size, 1 – 10 % of total. One piece of 

aluminum >100 mm, 5 mm thick is present. 

Bits of thick cables with radii 1 – 3 mm, 1 – 5 

% of the total. Fractions of textiles, 

polystyrene and polymers all 10 – 100 mm in 

size combines into 1 – 5 % of the total sample volume. Representative subsamples for analytics 

was difficult, but considered obtained (Figure 10B).  

VF 3: Very heterogeneous sample with large 

pieces of plastic and fluff. Fibrous fluff and 

organics 0 – 40 mm in size, 50 – 70 % of the 

total sample. Bits of plastics 0 – 20 mm in 

size, 1 – 5 % of the total. Plastic foils 20 – 100 

mm in size, 10 – 20 % of the total. Bits of 

metal shavings and wires 10 – 50 mm in size, 

1 – 5 % of the total. Fractions of textile, 

polystyrene and polymers 1 – 3 cm in size 

combines into 1 – 5 % of the total sample volume. Representative subsamples for analytics was 

difficult, but considered obtained (Figure 10C).  

A 1 cm 

B  1 cm 

C 1 cm 
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VF 4: Extremely heterogeneous sample 

consisting of a few large pieces. Shredded 

bicycle tire 200 – 300 mm in size, piece of a 

broom/brush 100 – 150 mm, hard plastics 100 

– 200 mm, rubber sheets and bits 20 – 150 

mm and bits of insulated wire 50 – 200 mm in 

length and radius ~2 mm. The sample has 

almost no visible dust fraction. Fragments of 

each material were extracted to make 

subsamples representative of the different components (Figure 10D).  

Comb 1: Relatively heterogeneous sample 

consisting of soil and dirt, >80 %. Stones 0.1 

– 10 mm in size, 5 – 10 % of the total. Thin 

plastic sheets 10 – 100 mm in size are present 

1 – 5 %. Single or agglutinated pieces of 

polystyrene 5 – 20 mm in size are present in 

the sample, 5 – 10 % of the total. Hard plastics 

1 – 50 mm in size, 1 – 5 % of the total. Wood 

bits/splinters 10 – 30 mm in size, 1 – 5 % of 

the total. Rubber pieces 10 – 40 mm in size, 1 – 5 % of the total. The dust fraction accounts for 

about 30 % of the total sample volume (Figure 10E).  

Comb 2: Very heterogeneous sample 

dominated by a few large objects. Paper 10 – 

20 mm in size account for 30 – 40 % of the 

total. Plastic foils and bits 10 – 50 mm and 10 

– 200 mm in size respectively, 30 – 40 % of 

the total. The remaining 20 – 35 % consist of 

wood grains, polystyrene, and shredded rope 

10 – 150 mm in size. Combined fraction of 

dust and particles up to 10 mm amounts to <5 

% of the total sample volume.  Fragments of large pieces were extracted to produce 

representative subsamples (Figure 10F).  

D  1 cm 

E  1 cm 

F  1 cm 



42 

 

WEEE 1: Very homogenous sample, mainly 

consisting of plastic granulates (blue, black, 

white red, green, pink, purple) 1 – 4 mm in 

size, <95 % of the total material. Copper 

flakes <4 mm in size, 1 – 2 % of total. Small 

bits of aluminum/steel and metallic threads 1 

– 2 mm in size is present, <1 % of the total. 

The dust fraction is around 1 – 2 % of the total 

sample volume (Figure 10G). 

 

WEEE 2: Relatively homogenous sample 

with high content of fluffy materials. Roughly 

half of the sample consist of sawdust 1 – 60 

mm in size and hairlike fibers, possibly of 

wood or cardboard. The remaining half is 

mostly plastic 0.1 – 6 mm in size. Copper 

flakes <3 mm in size are present in the sample 

<1 % of the total. The dust fraction is around 

20 – 30 % of the total sample volume (Figure 

10H).  

 

WEEE 3: Relatively homogenous sample of 

plastic mixed with sawdust. Around 5 % of 

the material is sawdust 1 – 5 mm in size. The 

rest is mostly plastic granulates in all colors, 

0.1 – 6 mm in size. Some copper flakes are 

present in the sample, 0.1 – 2 mm in size, <1 

% of the total. Some hairlike fluff is also 

present, 5 – 15 mm in size and around 5 % of 

the total material. The dust fraction comprises 

around 30 % of total sample volume (Figure 10I).  

I 

G 1 cm 

H 1 cm 

   1 cm 



43 

 

WEEE 4: Rather heterogeneous sample, 

dominated by fluff and plastic foils. Particle 

sizes are represented evenly between the dust 

fraction up to 60 mm. Flakes of plastic foil 

and metallic foil 0 – 60 mm in size, 60 – 70 

% of the total sample. Plastic foam 0 – 60 mm 

in size, 30 – 40 % of the sample. Bits of 

coated copper wire with radii <1 mm are 

present in the sample, ~1 – 5 % of the total 

sample volume (Figure 10J).  

WEEE 5: Rather heterogeneous sample 

containing mostly plastics, accounting >90 % 

of the total volume. Of the plastic pieces; the 

1 – 30 mm fraction amounts to ~80 % of the 

plastics, with the remaining fraction in the 

range of 30 – 100 mm pieces. Some visible 

metals are present, mainly coated and 

shielded copper wires, comprising around 1 – 

2 % of the total. Wood pieces 1 – 40 mm in 

size amounts to ~1 – 2 % of total. Dust fraction is <0.1 % of the total sample, considered adhered 

to the bulk of the sample surface due to the only visible dust being the fraction transferred to 

the nitrile gloves after contact (Figure 10K).  

WEEE 6: Rather heterogeneous sample 

containing mostly plastics. Hard plastics 5 – 

40 mm in size amounts to >90 % of total 

sample. 5 – 10 % of plastics are remains of 

circuit boards, some with components 

attached. Copper wires 5 – 20 mm in length 

and radii 0.5 – 2 mm, together with copper 

flakes/sheets 1 – 5 mm in size comprises 1 – 

5 % of the total. Pieces of metal like 

aluminum, nickel, brass and steel ~1 – 3 mm 

in size are present at <1 % of total sample 

K 

L 
Figure 10 A-L: Samples of the waste materials before any 

processing. 1 cm scale provided with 10% uncertainty. 

 

1 cm 

J 
 

1 cm 

1 cm 
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volume. Dust fraction is <0.1 % for the same reason mentioned in sample WEEE 5 (Figure 

10L).  

3.3 Sample processing  

3.3.1 Sub sampling and sieving 

Prior to subsampling, the sample bags were shaken end over end to homogenize their content. 

Subsamples were taken from the main 4 L polyurethane bags with an effort of keeping the 

extracted material representative of the sample, each time using a new disposable plastic spoon. 

In addition, subsamples were taken at pseudo random places in the bag to obtain visually 

representative samples. 

For some samples, fragments of material could not be included to the subsample due to their 

proportions and/or the inability to extract a representative fraction of those fragments. Examples 

include 5mm thick aluminum plating exceeding 150 mm in some dimensions (VF 2) and rocks 

exceeding dimensions (4-10 mm) possible to process with the malt mill (VF 1 & Comb 1). 

Subsamples were sieved to isolate the >4 mm fraction. Some samples already consisted of <4 

mm particles and were in no need of further processing (WEEE 1). Subsample fractions >4 mm 

were processed by means of manual scissor cutting, metal wire cutter and/or malt mill grinding 

(described in 3.3.2) until the every subsample fraction contained only <4 mm particles.  

3.3.2 Sample grinding 

Subsample fractions exceeding 4 mm in particle size were collected from the sieve and put into 

a manual malt mill grinder of type Brewferm Premium maltmill cast iron (Figure 11, Table 30). 

Bits and pieces that could be harmful for the grinder or not possible to grind were taken out 

from the sample prior to grinding. The grinder is a rotary surface grinder (Schneider, 2011), 

crushing material between its stationary and rotating plate, each with outwards spiraling 

trenches to guide material out from the plates. Grinding was conducted outside the lab due to 

the production (and consequently loss) of dust. Sample fractions that were stuck in the mill post 

grinding were collected and manually processed by scissors or wire cutters. The malt mill 

grinder was dismantled and cleaned between each sample to avoid cross contamination. Table 

9 present the tools used to process each sample to <4 mm.  
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Table 9: Sample waste category and the tools used for processing material to 4mm grain size. Note that sample 

WEEE 1_2 and WEEE 1_3 is a repeat of WEEE 1, where WEEE 1_3 is using a different method for additional 

experiments. 

Sample Tools used for sample processing 

VF 1 Grinder, scissors, sieving 

VF 2 Grinder, scissors, sieving 

VF 3 Grinder, scissors, sieving 

VF 4 Grinder, metal cutter 

Comb 1 Grinder, sieving 

Comb 2 Grinder, sieving 

WEEE 1 Sieving 

WEEE 1_2 Sieving 

WEEE 1_3 Grinder, sieving 

WEEE 2 

 

Scissors, sieving 

WEEE 3 

 

Scissors, sieving 

WEEE 4 Scissors, sieving 

WEEE 5 Grinder, metal cutter 

WEEE 6 Grinder, metal cutter 

Blanks - 

 

During grinding of subsample fractions with high plastic content, the grinder had to be 

dismantled and cleared of debris obstructing plate to plate contact. In addition, grinding session 

Figure 11: Part composition of the Brewferm malt 

mill. Modified from (Humlegårdens Ekolager, 2018). 
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had to be conducted in several turns to avoid friction overheating the subsampled plastic, 

causing further machinery obstruction (VF 4, WEEE 5 & 6). 

3.3.3 Batch test 

A one-step batch test was conducted on the subsamples with a L/S (liquid/solid) ratio of 10:1 

in accordance of the NS-EN 12457-2 specification (Norsk Standard, 2003). The batch test 

makes it possible to determine the leaching capacity of the sample material. 4 grams of sample 

with 40 grams of ultra-pure de-ionized water (directQ) water were added to a 50 ml test tube 

and put in an end over end shaker of type Heidolph Reax 2 for 7 days. Leachate equilibrium 

can be assumed after 48h, though 7 days is used as a security measure (Quina, Bordado and 

Quinta-Ferreira, 2009). Samples with low density were split into 2 grams and 20 grams water 

in separate vials for shaking and mixed after shaking. The shaker was set to rotate at roughly 

70rpm. Control samples/blanks containing only 40 ml directQ water was also shaken for the 

same amount of time as the other samples. 

3.3.4 Filtering 

Samples that had been shaken for 7 days ±10 hours were taken out and filtered through a 0.45 

µm filter after as much liquid as possible had been extracted from the batch sample. Filtering 

occurred on the same day that the sample finished in the shaker. The liquid filtered samples was 

distributed into each its own 15 ml tube for further analyzing, budgeted according to analysis 

needs and availability of liquid.  

3.4 Leachate analysis 

3.4.1 pH 

The log function of the activity of 𝐻+ ions, or 𝑙𝑜𝑔10[𝐻+] = 𝑝𝐻 was measured within 2 hours 

of filtration. 5 ml liquid was put into a test beaker with a magnetic stirrer and measured with 

the use of a Metrohm 702 MS Titrino and Metrohm 728 Stirrer. The equipment was calibrated 

before every test using calibration liquids at pH 4, 7 and 10 and had an accuracy of ~0.05 pH 

units.  
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3.4.2 Alkalinity 

Alkalinity tests were conducted immediately after pH tests, on the same sample, due to the 

alkalinity value decreasing when in contact with the atmosphere. Samples were titrated with 

0.01 M HCL, lowering pH until reaching 2.8 units. The resulting titration curve was used to 

calculate the samples alkalinity. Equation 14 describes how to calculate alkalinity using the 

volume of acid at the point where pH reaches 4.5 or the curve inflection point.  

Equation 14 𝐴𝑙𝑘 (𝑚𝑒𝑞 𝑘𝑔𝑤⁄ ) = 1000
𝑉𝑒𝑝𝑁𝐻𝐶𝐿

𝑉𝑠𝑚𝑝𝑙
 

 

Where 𝑉𝑒𝑝 is acid volume at pH 4.5, 𝑁𝐻𝐶𝐿 is acid concentration (e.g. 0.01 M HCL) and 𝑉𝑠𝑚𝑝𝑙 

is the original volume of sample in ml before titration. 

3.4.3 EC 

Due to restrictions on available liquid for analysis, samples were diluted with directQ water to 

achieve necessary volumes for the measurement apparatus to obtain accurate results. 

Measurements at dilution factors 2, 3, 4, 5, 6, 8 and 10 were made for most samples, providing 

a curve allowing the determination of the original EC value. The EC was measured using a 

WTW Conductivity meter LF538, and control measurements was conducted before each test 

using directQ water and 0.01 M KCL.  

3.4.4 Redox 

Redox values were determined within 4 hours of filtration.  Measurements was conducted using 

a WTW PH330i meter with a platinum electrode on the EC test diluted samples at 20 C, or on 

pure sample where enough liquid was available. Control measurements on buffer solutions were 

made prior to every test run, ensuring readings within ±10 mV of the control solution. 

Measuring uncertainty of the instrument is ±60 mV. The values from the redox measurements 

were converted to reference the standard hydrogen electron (SHE) as presented in 3.6. 
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3.4.5 ICP-MS 

Inductively coupled plasma mass-spectrometry (ICP-MS) is widely used to determine low 

concentrations in the range of ppt (parts per thousand) to ppq (parts per quadrillion) of elements 

suspended in liquid (Evisa, 2007; Van der Ven, 2014). In the machine, a measured volume of 

sample are lead through a spray chamber that nebulizes the sample. The resulting aerosol is 

lead into a 6000 – 8000 K argon-plasma source which atomizes the aerosol droplets and ionizes 

the sample particles (Van der Ven, 2014). A sampling interface consisting of two metallic cones 

(the "sampler cone" and "skimmer cone") both with a 0.5 – 1 mm orifice allowing a focused 

beam of small amounts to travel from the total plasma towards the ion lens. A rotary gear pump 

lowers the high temperature and pressure of the ionized cloud to <0,001 Pa and room 

temperature (Hitachi, 2004). The ion lens is composed of a series of electrostatic lenses that 

focus positive ions/nuclei away from the main stream and into the mass spectrometry 

quadrupole, disregarding the unwanted neutral species (Agilent Technologies, 2016). The 

positively charged ions are lead through a helium gas, where by a numerous ion-molecule 

collisions and reactions with the helium, polyatomic interfering ions is converted to non-

interfering species (Thomas, 2013). The quadrupole separates the ions by resonating them out 

of the focus beam based on their mass to charge ratio, leaving only the target ion to be analyzed 

by the ion detector (Malik Cavad-zade, 2014; Agilent Technologies, 2016). The electronic 

pulses generated from the ions hitting the detector surfaces are counted and related to the 

corresponding mg L-1 values based on internal standards and control tests (Van der Ven, 2014).  

Liquid samples prepared for ICP-MS analysis were stored at 4 C in 2 ml samples with 20 µl 

65 % HNO3 to stabilize dissolved contents from the liquid. Samples precipitating material 

despite acidification were centrifuged and the liquid transferred to a new vial. Samples reporting 

values higher than the calibration interval were diluted 1:10 with ultra-pure de-ionized water 

(milliQ) and reprocessed. Results of analysis were compared to acid digestate tests, comparing 

leachable fractions to total amount available in the waste solids.  

The analysis of samples was conducted following these specifications (Kristoffersen, 2019): 

Instrument: Bruker Aurora Elite, equipped with a Cetac ASX-520 autosampler and an ESI 

oneFAST sample introduction system. Software used: Quantum Elite v3.1. 

Acid used: 1 % single distilled 65 % nitric acid (HNO3). 
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Calibration standard: All elements were calibrated using the 6020 Calibration Standard 

(Inorganic Ventures); Cr, Cu and Pb at 1 µg L-1, 10 µg L-1 and 100 µg L-1; Zn at 10 µg L-1, 100 

µg L-1 and 1000 µg L-1; Cd at 1 µg L-1, 10 µg L-1, 100 µg L-1 and 1000 µg L-1. 

Standard solutions run as unknown: CRM-TMDW-A (High-Purity Standards). See Table 

10. 

Isotopes analyzed: 52Cr, 63Cu, 66Zn, 111Cd, 202Hg, 206Pb, 207Pb, 208Pb (analyzed in He collision 

gas mode). NB! Hg was analyzed semi-quantitatively. 

Internal standards for: Cr, Cu, Zn, Cd, 89Y, Hg, Pb and 159Tb. 

Table 10: Certified values for TMDW. All values in µg L-1 

Cr Cu Zn Cd Hg Pb 

20 20 75 10 -- 20 

3.4.6  Ion Chromatography 

Ion chromatography (IC) with the Dionex ICS-1000 and ICS-2000 uses suppressed conductivity 

detection to perform ion analysis, where eluents are added to the sample; Potassium hydroxide 

(𝐾𝑂𝐻) for anions and Methanesulphonic Acid (𝐻+𝑀𝑆𝐴) for cations (Naoroz, 2018a). The 

eluent passes through a filter or guard column before entering an ion chromatography column, 

where the cations and anions (tested separately) are separated based on their affinity for the 

exchange resins inside the analytical column, creating a retardation effect to separate the anions 

and cations in space inside the eluent (Naoroz, 2018a). For cations, the separated solution is 

then passed through a self-generating suppressor (CDRS 600 Dionex®), exchanging the 𝑀𝑆𝐴 

with 𝑂𝐻− to neutralize the eluent, leaving only water and sample, see Equation 15. The 𝑀𝑆𝐴 

is exchanged, bound to water and transported away, see Equation 16. For anions, the solution 

is directed through a conductivity suppressor (ADRS 600 Dionex®), providing continuous 

suppression of the eluent conductivity and enhances analyte response by exchanging the 𝐾+ in 

the eluent with 𝐻+ creating water (Equation 17) and binding the transported 𝐾+ to water for 

disposal, see Equation 18 (Thermo Fisher Scientific, 2017). 

 

 



50 

 

Equation 15 2𝐻2𝑂 → 𝐻2 + 2𝑂𝐻− 

 𝐻+𝑀𝑆𝐴 + 𝑂𝐻−→  𝑀𝑆𝐴 + 𝐻+ + 𝑂𝐻− → 𝑀𝑆𝐴 + 𝐻2𝑂 

Equation 16 6H2O → 4H3O+ + O2(g) 

 4𝐻3𝑂+ + 𝑂2(𝑔) + 5𝑀𝑆𝐴 → (4𝑀𝑆𝐴 + 𝑂2) + (𝐻+ + 𝑀𝑆𝐴−) + 4𝐻2𝑂 

Equation 17 H2O →  H+ + O2 

 𝐾𝑂𝐻 + 𝐻+ → 𝐾+ + 𝑂𝐻− + 𝐻+ → 𝐻2𝑂 + 𝐾+ 

Equation 18 H2O → H2 + OH− 

 𝐻2 + 𝑂𝐻− + 𝐾+ → 𝐾𝑂𝐻 + 𝐻2 

 

The eluent is then pumped through a conductivity detector (SCD) where the concentration of 

anions or cations are registered as electrical conductivity (height (μS) or area (μS*min)). The 

identity of the compounds are estimated based on the spatial conductivity compared to known 

standards, quantified by measuring the peak height or area. To achieve test stability and 

reliability, control tests are conducted before every batch and in between every 10-15 sample 

(Naoroz, 2018a). 

Samples were prepared by adding 3.5 – 4 ml of sample liquid into 5 ml DionexTM AS-DV 

Autosampler Polyvials (ThermoFisher Scientific, 2013). The vials were sampled automatically 

with a Dionex AS-DV autosampler, which fed into the cation and anion analysis equipment 

(Dionex ICS-1000 and ICS-2000 respectively) and processed. For samples with values higher 

than the calibration interval, tests was conducted again with 10 and 100 times dilution. The 

specifications of the tests are presented in Table 11. 
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Table 11: Operating conditions of cation and anion ion chromatography (IC) analysis on leachate liquids. 

Material/Parameter Cation Anion 

Autosampler Dionex AS40 Dionex AS40 

Guard Column Dionex CG16 Dionex AG18 

Separator Column Dionex IonPac CS16 IC column 

3x250mm 

Dionex AS18 IC column 

4x250mm 

Self-regenerating suppressor Dionex CDRS 600 4mm Dionex ADRS 600 4mm 

Detector Dionex Conductivity Detector 

DS6 cell 

Dionex Conductivity Detector 

DS6 cell 

Eluent 30 mM MSA 30 mM KOH 

Suppressor  CSRS ASRS 

Current 32 mA 70 mA 

Column temp 30 C 30 C 

Sample loop 25 µL 25 µL 

Flow rate 0.36 ml min-1 1.0 ml min-1 

3.4.7  DOC 

All carbon in sample leachates were considered dissolved organic carbon, as leachate liquids 

were filtered at 0.45 µm. Dissolved organic carbon (DOC) was analyzed using a TOC-V cpn 

PC-controlled standard model analyzer from Shimadzu. Samples was stabilized with HCL, 

removing inorganic carbon, and then combusted in an oxygenated environment at 680 C, until 

all carbon is bound as CO2. The CO2 is measured using a Nondispersive Infrared Sensor (NDIR) 

detector, using ION-96.4 as reference. Uncertainty is assumed as 20 % for results under 10 mg 

L-1 and 10 % above. Sample analysis were conducted three times per sample.  

3.5 Triple replicate testing 

All waste fractions were tested with triplicates from individual subsample fractions. Batch tests 

and chemical analysis were conducted for all triplicates per waste fraction and result averages 

represent its presumed value. For DOC, analysis were conducted on only one of the triplicates 

per waste fraction, although the sample was analyzed three times within the machine.  
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3.6 Calculations 

Concentration of elements 𝐶𝑤𝑎𝑡𝑒𝑟 in the leachate was recalculated from mg L-1 to mg kg-1 

weight of solid waste using the formula presented in Equation 19.  

Where 𝐶𝑙𝑒𝑎𝑐ℎ𝑎𝑏𝑙𝑒 is the amount of component C leached per weight of waste, 𝑉𝑤𝑎𝑡𝑒𝑟 and 𝑀𝑤𝑎𝑠𝑡𝑒 

is the volume of water and weight of waste added to the batch test, respectively. 

Redox measurement values were converted to the standard hydrogen electrode system using 

the conversion presented in Equation 20 and (WTW, no date). 

Equation 20 𝑈𝐻 = 𝑈𝑀𝑒𝑎𝑠 + 𝑈𝑟𝑒𝑓,𝑇 

 

Where 𝑈𝐻 is the measured redox value and 𝑈𝑟𝑒𝑓 is the reference value for the hydrogen 

electrode at the temperature of the measured liquid (20C: +210 mV). 

3.7 Additional analysis 

3.7.1 Leaching potential of particle size fractions 

Additional solids from waste fractions were used to analyze the leaching potential of different 

size fractions in the waste, in addition to analyzing the effect of processing size fractions 

exceeding 4mm. Subsample fractions under and over 4 mm were separated and the latter was 

processed in the malt mill until particles subceeded 4 mm. Both sample fractions were analyzed 

alongside the standard sample fractions. 

3.7.2 Surface area to mass ratio 

An extra set of triplicate samples for waste fraction WEEE 1 where particle sizes already was 

below 4mm were extracted and processed in the malt mill for the same amount of repetitions 

needed to fully process other samples. The resulting particle size reduction were analyzed 

Equation 19 

 

𝐶𝑙𝑒𝑎𝑐ℎ𝑎𝑏𝑙𝑒 =
𝐶𝑤𝑎𝑡𝑒𝑟𝑉𝑤𝑎𝑡𝑒𝑟

𝑀𝑤𝑎𝑠𝑡𝑒
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alongside the standard waste fractions as sample WEEE 1_2 (unprocessed) and WEEE 1_3 

(processed).  

3.7.3 Internal variability 

Sample fraction WEEE were tested two times in order to find variability in analysis results. 

Samples were divided into WEEE 1 and WEEE 1_2 and tested alongside the standard waste 

fractions.  

3.8 Total metal content 

The resulting concentrations of heavy metals in waste leachates were compared to HNO3-HCL 

acid digestate extractions conducted on the same samples. Acid extraction of metals with 

HNO3-HCL is a viable measure of total metal concentration in the solid (Quina, Bordado and 

Quinta-Ferreira, 2009). Acid digestate experiments were conducted during the Wasteffect 

project and represent the total metal content of the waste samples (Okkenhaug et al., 2015). 

3.9 Geochemical modeling 

Geochemical modeling was conducted in Visual MinteQ 3.1, inputting the resulting values 

from ICP-MS, IC, pH, Alkalinity, redox potential and DOC analysis. Alkalinity was specified 

as meq L-1. The Davies equation was used for activity correction. For DOC the NICA-Donnan 

model was used, at default values (Jon Petter Gustafsson, 2018). Species distribution and 

saturation indices was recorded after successful implementation. For samples with DOC values 

too high to provide a stable model, DOC was reduced until saturation indices could be 

calculated (WEEE 2 & 4). 

During the geochemical modeling process, total DOC concentrations were reduced in steps 

relative to the measured amount to study the impact of organic complexation, should the 

assumed ratio of dissolved organic matter (DOM) to DOC be inaccurate. The change in metal 

organic complexes as DOC concentrations decrease will help determine the confidence that the 

metal is complexed with organic matter if lower DOM to DOC ratios are closer to reality.  
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4 Results 

In this chapter, experimental findings are presented and described. Tables presenting the 

numerical data can be found in Appendices A – E. 

4.1 ICP-MS heavy metal analysis 

The averages and uncertainties resulting from ICP-MS analysis on triplicate samples of waste 

leachate fractions are presented in Figure 12, Figure 13, Figure 14, & Figure 15 for Cu, Pb, Cd 

and Zn respectively. Values are presented in mg leached kg-1 waste. Error bars represent lowest 

and highest measured values in triplicate testing. 

 

 

 

 

 

 

 

Figure 12: ICP-MS analysis results for copper in leachate liquid. VF, Comb and 

WEEE represent vehicle fluff, combustible and waste electronics, respectively. 

 

Overall, potential leaching of Cu from vehicle fluff fractions range between 1 and 3 mg kg-1 

waste. Combustible fractions yielded relatively minor Cu leachates ranging between 0.15 and 

0.3 mg kg-1 waste. Waste electronic fractions WEEE 2, 4 & 6, and WEEE 1, 3, & 5 are divided 

into highly leachable and hardly leachable fractions with leachate amounts ranging between 2 

– 40 and 0.03 – 0.1 mg kg-1 waste, respectively. Highly leachable WEEE fractions are equal to 

or higher compared to vehicle fluff fractions, while hardly leachable fractions are on par with 

or lower than Combustible waste fractions. Sample WEEE 2 has significantly higher leachate 

38

42

46

Cu

0

2

4

6

8

m
g
 k

g
-1



55 

 

values (more than one order of magnitude) than other waste fractions, and it should be noted 

that the visual height of its column and error bars are disproportionate to the rest of the samples. 

 

Figure 13: ICP-MS analysis results for lead in leachate liquid. VF, Comb and 

WEEE represent vehicle fluff, combustible and waste electronics, respectively. 

 

A few samples with high leachate values dictate the release potential of the studied waste 

fractions. Sample VF 2 and WEEE 2, 4 & 6 have average Pb leachate values exceeding 0.2 mg 

kg-1 waste, while the remainder samples average 0.006 – 0.2 mg kg-1 waste. In vehicle fluff 

fractions, leachate values range between 0.004 and 2.68 mg kg-1 waste with considerable spread 

across samples. Combustible waste fractions yielded Pb concentrations averaging 0.006 – 0.1 

mg kg-1 waste, slightly lower compared to vehicle fluff and waste electronic fractions. Waste 

electronic fractions have strongly varying leachate values, ranging from 0.006 to 5.2 mg kg-1 

waste on average. Sample WEEE 6 has the highest leached lead content of the analyzed 

fractions. 

 

 

 

 

 

 

Potential release of Cd is overall lower compared to the other heavy metals analyzed. Vehicle 

fluff and waste electronic fractions contain the highest leached amounts of Cd, both with 

Figure 14: ICP-MS analysis results for cadmium in leachate liquid. VF, Comb and 

WEEE represent vehicle fluff, combustible and waste electronics, respectively. 

0

2

4

6

8

m
g
 k

g
-1

Pb

0.0

0.1

0.2

0.3

0.4

m
g
 k

g
-1

Cd



56 

 

relative high variability. Vehicle fluff fractions range between 0.01 and 0.02 mg kg-1 waste on 

average, except sample VF 2 leaching 0.18 mg kg-1. Combustible fractions leach considerably 

less Cd than vehicle fluff and waste electronic fractions, ranging from 0.001 to 0.002 mg kg-1 

waste. Samples WEEE 1 & 3 yield leachate concentrations below calibration limits, and can be 

considered negligible. WEEE 2, 4, 5 & 6 yield Cd leaching potential on par with vehicle fluff 

fractions, ranging between 0.02 and 0.17 mg kg-1. 

 

 

 

 

 

 

 

 

 

Vehicle fluff waste fractions leach Zn between 4 and 7 mg kg-1 waste, except sample VF 2 

leaching up to 130 mg kg-1 waste. Its column height and error bars are disproportionate to the 

other samples. Combustibles leach lower concentrations compared to vehicle fluff fractions, 

averaging 0.5 – 3.2 mg kg-1 waste. Release potentials of Zn from waste electronic fractions has 

high variability, where WEEE 2 & 5 leach 17 – 18 mg kg-1, and the remaining waste electronic 

fractions leach 0.01 – 4 mg kg-1 waste.  

4.2 Ion Chromatography 

4.2.1 Cations 

Results of cation analysis from ion chromatography experiments on triplicate leachate samples 

are presented in Figure 16, Figure 17, Figure 18 & Figure 19 for sodium (Na), calcium (Ca), 

Figure 15: ICP-MS analysis results for zinc in leachate liquid. VF, Comb and 

WEEE represent vehicle fluff, combustible and waste electronics, respectively. 
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potassium (K) and magnesium (Mg), respectively. Values are presented in mg kg-1 waste. Error 

bars represent lowest and highest measured values in triplicate testing. 

 

 

 

 

 

 

Sodium leaching potentials of vehicle fluff waste fractions range between 180 – 850 mg kg-1, 

with most samples yielding 770 – 850 mg kg-1 waste. Combustible fractions leach comparably 

more than vehicle fluff fractions and waste electronics, ranging between 1200 – 1700 mg kg-1 

waste. Waste electronic fractions leach the least amounts of Na of the waste fractions, ranging 

between 30 and 350 mg kg-1.  

 

 

 

 

 

 

 

 

Calcium leaching potential has high variability across samples and waste fractions. Vehicle 

fluff fractions leach 330 – 2900 mg kg-1 waste with sample VF 1 & 3 leaching considerably 

more than other VF samples. Combustibles have relatively high leaching potentials, leaching 

Figure 16: IC analysis results for sodium in leachate liquid. VF, Comb and WEEE 

represent vehicle fluff, combustible and waste electronics, respectively. 

Figure 17: IC analysis results for calcium in leachate liquid. VF, Comb and WEEE 

represent vehicle fluff, combustible and waste electronics, respectively. 
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7800 – 8000 mg kg-1, and it should be noted that its column height and error bars are 

disproportionate to other samples. Waste electronics have relatively lower Ca leaching values 

compared to vehicle fluff and combustibles, ranging between 80 – 1000 mg kg-1 waste. The 

milliQ water used in IC analysis include some amounts of Ca, though it is generally negligible 

(Naoroz, 2018b). 

 

 

 

 

 

 

Vehicle fluff waste fractions leach between 80 and 400 mg kg-1 potassium. Combustible 

fractions yields the highest leaching potentials of K with 480 – 580 mg kg-1 waste. Waste 

electronic fractions range between 7 – 180 mg kg-1, making it the lowest K leaching waste 

fraction.  

 

 

 

 

 

 

Potential leaching of Mg in vehicle fluff fractions range between 80 and 380 mg kg-1 waste with 

samples VF 1 & 3 leaching the most. Combustible fractions leach 420 – 540 mg kg-1 while 

waste electronics leach 50 – 160 mg kg-1, making Combustibles the highest Mg leaching waste 

fraction. 

Figure 18: IC analysis results for potassium in leachate liquid. VF, Comb and 

WEEE represent vehicle fluff, combustible and waste electronics, respectively. 

Figure 19: IC analysis results for magnesium in leachate liquid. VF, Comb and 

WEEE represent vehicle fluff, combustible and waste electronics, respectively. 
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4.2.2 Anions 

Results of anion analysis from ion chromatography experiments on triplicate leachate samples 

are presented in Figure 20, Figure 21, Figure 22, Figure 23, Figure 24 & Figure 25 for fluorine 

(F), chlorine (Cl), phosphate (PO4), bromine (BR), nitrate (NO3) and sulfate (SO4), respectively. 

Values are presented in mg kg-1 waste. Error bars represent lowest and highest measured values 

in triplicate testing. 

 

 

 

 

 

 

Leaching analysis on fluorine resulted in values lower than the detection limit for sample VF 

4, Comb 1 & 2 and WEEE 1 & 3, and are assumed to be negligible. Vehicle fluff waste fractions 

yield F leaching potentials ranging between 2.3 and 2.4 mg kg-1, except VF 2 leaching 27 mg 

kg-1. All Combustible fraction samples yielded leaching values less than the detectable limit, 

and F amounts is assumed to be relatively nonexistent. Waste electronic fractions range between 

0.4 – 8.4 mg kg-1 with most samples except VEEE 4 being present in the 7.6 – 8.4 mg kg-1 

range. The degree of uncertainty for fluorine measurement is relatively high (Naoroz, 2019). 

 

 

 

 

 

 

Figure 20: IC analysis results for fluorine in leachate liquid. VF, Comb and WEEE 

represent vehicle fluff, combustible and waste electronics, respectively. 

Figure 21: IC analysis results for chlorine in leachate liquid. VF, Comb and 

WEEE represent vehicle fluff, combustible and waste electronics, respectively. 
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Chlorine leaching from vehicle fluff waste fractions range between 230 and 730 mg kg-1 waste. 

Combustibles leach the most of the waste fractions, ranging between 880 and 930 mg kg-1. 

Waste electronics yielded generally lower leaching potential of Cl compared to vehicle fluff 

and Combustible waste fractions, ranging from 25 – 400 mg kg-1.  

 

 

 

 

 

 

 

 

Samples VF 3 & 4 and Comb 1 & 2 yielded phosphate values below detection limit and are 

considered negligible. VF 1 & 2 leached phosphate between 6 and 10 mg kg-1 waste while the 

two remaining samples is assumed to leach relatively nonexistent amounts. Combustible 

fractions also leach close to no phosphate, with values below the detection limit. Waste 

electronic fractions leach phosphate between 1.2 and 6.3 mg kg-1, with relatively low variability 

across samples.  

 

 

 

 

 

 

Figure 22: IC analysis results for phosphate in leachate liquid. VF, Comb and 

WEEE represent vehicle fluff, combustible and waste electronics, respectively. 

Figure 23: IC analysis results for bromine in leachate liquid. VF, Comb and WEEE 

represent vehicle fluff, combustible and waste electronics, respectively. 
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Bromine leaching potentials in vehicle fluff fractions range between 8 – 45 mg kg-1 waste, with 

samples spread relatively evenly across the range. Combustible fractions leach Br amounts 

between 28 and 48 mg kg-1 waste. Waste electronic fractions range between 3.3 – 23 mg kg-1. 

 

 

 

 

 

 

Vehicle fluff waste fractions leach nitrate between 2.5 and 13 mg kg-1, with sample VF 2 

leaching the highest concentrations of vehicle fluff waste fractions, though uncertainty is 

relatively high for some samples. Combustible waste fraction sample Comb 2 yielded leaching 

values below the detection limit and are considered negligible, while Comb 1 leach roughly 10 

mg kg-1 waste. Waste electronic fractions leach NO3 ranging between 0.9 and 4.7, except WEEE 

4, leaching 20 mg kg-1 waste.  

 

 

 

 

 

 

 

 

Figure 24: IC analysis results for nitrate in leachate liquid. VF, Comb and WEEE 

represent vehicle fluff, combustible and waste electronics, respectively. 

Figure 25: IC analysis results for sulfate in leachate liquid. VF, Comb and WEEE 

represent vehicle fluff, combustible and waste electronics, respectively. 
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Potential sulfate leaching has relatively high variability across waste fractions and samples. 

Vehicle fluff fractions leach 830 – 7600 mg kg-1 waste. Combustible fractions leach 16700 – 

17100 mg kg-1 waste, considerably higher than other waste fractions. Note that Combustible 

columns and error bars are disproportionate to other waste fractions. Leaching of sulfate from 

waste electronic fractions range between 16 and 600 mg kg-1 waste.   

4.3 pH 

Results of pH analysis on triplicate leachate samples are presented in Figure 26. Values are 

presented in pH units. Error bars represent lowest and highest measured values of triplicates. 

 

 

 

 

 

 

All waste fraction leachates are slightly alkaline. Vehicle fluff waste fraction leachates have pH 

values ranging between 7.7 and 8.1, with low variability across samples. Combustible leachates 

range between 7.4 and 7.9. Waste electronic leachates range between 7.5 and 9.8 with relatively 

high variability. Sample WEEE 4 resulted in the largest pH value, though also with the highest 

uncertainty of all samples. DirectQ water used as leaching liquid had initial pH values of 5.5. 

4.4 Alkalinity 

Results of alkalinity analysis on triplicate leachate samples are presented in Figure 27. Values 

are presented in meq L-1 leachate. Error bars represent lowest and highest measured values of 

triplicates. 

Figure 26: pH analysis results of waste leachate liquids.  VF, Comb and WEEE 

represent vehicle fluff, combustible and waste electronics, respectively. 
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Vehicle fluff waste fraction leachates had alkalinity values ranging between 2.5 and meq L-1 

leachate. Combustible fractions leachates had alkalinity values ranging between 5.3 and 6.7 

meq L-1. Waste electronic fractions had relatively lower alkalinity values compared to vehicle 

fluff and Combustible fractions, ranging between 1.5 and 2.6 meq L-1.  

4.5 Electrical conductivity 

Results of electrical conductivity (EC) analysis on triplicate leachate samples are presented in 

Figure 28. Values are presented in µSiemens/cm3 independent on leachate volume. Error bars 

represent lowest and highest measured values of triplicates. 

 

 

 

 

 

 

Leachates from vehicle fluff waste fractions range between 600 and 2200 µSiemens/cm3, with 

relatively high variability between samples VF 1 &3 and VF 2 & 4, the prior samples having 

higher EC values. The combustible fractions have higher EC values compared to vehicle fluff 

and waste electronic fractions, ranging between 4300 and 4600 µSiemens/cm3. Waste 

Figure 27: Alkalinity analysis results of waste leachate liquids. VF, Comb and 

WEEE represent vehicle fluff, combustible and waste electronics, respectively. 

Figure 28: Electrical conductivity analysis results of waste leachate liquids. VF, 

Comb and WEEE represent vehicle fluff, combustible and waste electronics, 

respectively. 
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electronic fractions range between 160 and 710 µSiemens/cm3, and are considerably lower than 

combustible fractions, though with relatively lower variability compared to vehicle fluff. 

4.6 Redox potential 

Results of reduction oxidation potential analysis on triplicate leachate samples after adjusting 

to reference the standard hydrogen electrode are presented in Figure 29. Values are presented 

in mV independent on leachate volume. Error bars represent the instruments measuring 

uncertainty of 60 mV. 

 

 

 

 

 

 

 

Samples VF 1 & 3, Comb 1 and WEEE 2 & 4 had adequate leachate liquid volumes left for 

stable redox measurement. Vehicle fluff waste fraction leachates have redox potentials ranging 

between 525 and 625 mV. Combustible leachates are in range of 558 – 647 mV, while waste 

electronic fraction leachate are in the range of 606 – 627 mV. Waste fraction redox ranges are 

mostly comparable and no major differences are observed across samples. 

4.7 Dissolved organic carbon 

Results of dissolved organic carbon (DOC) analysis on single leachate samples per waste 

fraction are presented in Figure 30. Values are presented in mg L-1 leachate. Error bars represent 

uncertainties of 20 % for result values under 10 mg L-1 and 10 % above. Since samples 

excluding VF1 and Comb 1 are waste without any soil fraction, DOC particles can be assumed 

to not include very high molecular weight humic substances, but rather smaller organics similar 

to fulvic acids. 

Figure 29: Redox potential analysis results of waste leachate liquids. Dark columns 

are values measured on pure leachate samples, while lighter shaded columns are 

measured in leachate liquids diluted with milliQ water.  VF, Comb and WEEE 

represent vehicle fluff, combustible and waste electronics, respectively. 
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DOC variability is relatively high across all waste fractions. Vehicle fluff fraction leachates had 

DOC values ranging between 52 and 242 mg L-1 with sample VF 3 having the largest value. 

Combustible fraction leachates have DOC in the range of 104 – 296 mg L-1, with sample Comb 

2 having the largest value. Waste electronic fractions have the highest variability among waste 

fractions, with DOC values ranging between 59 and 527 mg L-1. Sample WEEE 2 & 4 have the 

highest DOC values of 318 and 527, respectively. Sample WEEE 1, 3, 5 & 6 range between 59 

and 80 mg L-1. Internal triplicate testing per sample have standard deviations <1 mg L-1.  

4.8 Visual comparisons 

Pictures of pure waste leachates samples are presented in Figure 31. Increasing amounts of 

suspended material in the leachate result in less transparent liquids. 

 

Figure 30: DOC analysis results of waste leachate liquids.  VF, Comb and WEEE 

represent vehicle fluff, combustible and waste electronics, respectively. 
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Vehicle fluff leachates are relatively transparent, with sample VF 2 being the least, presumably 

containing the most suspended material of vehicle fluff fractions. VF 2 and to a slight degree 

VF 3 also have precipitated material at the vial bottom. Combustible fractions contain the most 

suspended material of the waste categories with sample Comb 2 being considerably less 

transparent than Comb 1, in addition to having precipitated material. During ICP-MS analysis, 

sample Comb 2 precipitated matter even after the addition of 1 % 65 % HNO3. Variability in 

waste electronic leachate transparency is relatively high. Samples WEEE 2 & 4 has the least 

transparent leachate liquids of waste electronic fractions, and samples WEEE 2 & 6 have 

precipitated matter.  

4.9 Additional analysis 

4.9.1 Leaching potential of particle size fractions  

The leachate analysis results for sample fractions over and under 4 mm is presented in Figure 

32 & Figure 33, relative to the unseparated sample. Results are presented in % difference, where 

positive values suggest stronger leaching capacity for the sample fraction compared to the 

original sample mixture.  

Figure 31: Leachate liquid color and precipitated material. VF, Comb and WEEE 

represent vehicle fluff, combustible and waste electronics, respectively. 
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An overall negative value trend is observable for most analyzed parameters for both vehicle 

fluff and combustible waste, especially for heavy metals. Grinding the >4 mm fraction did not 

increase leaching capacity above the values of the unseparated sample.  

 

 

 

 

 

 

 

An overall positive trend is observable for the majority of analyzed parameters for both waste 

types tested. Compared to the unseparated sample, particles <4 mm have a higher leaching 

capacity, especially for heavy metals. Nitrogen results gave a leaching increase of 13 500 %, 

though with high analytical uncertainty.  

 

 

Figure 32: Difference in leachate composition for the fraction exceeding 4mm vs. 

the original sample. VF and Comb represent vehicle fluff and combustible waste 

electronics, respectively. 

Figure 33:  Difference in leachate composition for the fraction below 4mm vs. the 

original sample. VF and Comb represent vehicle fluff and combustible waste 

electronics, respectively. 
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4.9.2 Surface area to mass ratio 

The resulting change in leachate composition for a malt milled sample fraction compared the 

original are presented in Figure 34. Differences in leachate composition are given as percent. 

Positive values suggest increased leaching capacity for the milled sample fraction (WEEE 1_2) 

compared to the original (WEEE 1_3). 

 

 

 

 

 

 

The increase in surface area to mass ratio leads to an overall positive trend for most values in 

the sample. Cu, Na and Mg values decrease rather than increase, to approximately half the 

leached value of the unprocessed sample. Leaching capacity of  K increased by an order of 

magnitude for the processed sample, though high uncertainty for the determination of K can be 

expected, due to potential interference in the analysis (Breedveld, 2019a). 

Grinding of the sample fraction resulted in increased DOC values, from ~80 to ~128 mg L-1. 

4.9.3 Internal variability 

The difference in leachate composition on replicate sample fractions are presented in Figure 35 

for waste sample WEEE 1. Differences are given in percent. Higher positive or negative values 

suggest degree of uncertainty for that parameter.  

Figure 34: Difference in leachate composition for a milled sample vs. the original. 
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Most results are within 20 % internal variability, with Pb and K results differing up to 60 % and 

Na and Mg having relatively high differences in results. The results suggest Na and Mg values 

to be relatively uncertain, while most other results can be considered to have relatively low 

uncertainty. 

4.10 Total metal content 

Leached amounts of heavy metals compared to total metal content are presented in Figure 36. 

Values are given in mg kg-1 waste. Error bars represent lowest and highest measured values.   

 

 

Figure 35: Difference in results of analysis for the same sample. Striped columns 

follow secondary right axis.  
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The average released to total content ratios between leached and total Cu content are 10-4, 10-2 

and 10-5 for vehicle fluff, combustibles and waste electronics respectively, where leached values 

of waste electronics have high relative variation. Average relative release of Pb compared to 

total content is 10-4, 10-3 and 10-4 for vehicle fluff, combustibles and waste electronics 

respectively, where all three wastes have relative high variation in leached metal concentrations. 

The average released compared to total content of Pb is lower than for Cu for vehicle fluff and 

waste electronics. Release of Cd compared to total content in vehicle fluff and waste electronics 

are significantly higher compared to other metals studied. Average leached/total Cd content 

ratios are roughly 10-3 for all wastes, with high relative variation in waste electronics for both 

leached and total content. The ratio between leached and total Zn content is 10-3, 10-4 and 10-3 

for vehicle fluff, combustibles and waste electronics respectively, where combustible waste 

Figure 36: Average leached vs acid digested heavy metal concentrations. Dashed line, 

dot-dashed line and dotted line represent 1:1, 1% and 0.01% of the total metal content 

(acid digested). 
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have high relative variation in total content and waste electronics have high relative spread in 

leached values.  

Total metal content is generally lower in combustible waste compared to vehicle fluff and waste 

electronics for all metals studied. The highest total Cu content is observed in waste electronic 

fractions. Total Cd content is orders of magnitude lower compared to other total metal content.  

4.11 Geochemical modeling 

4.11.1 Heavy metal speciation 

The estimated complexation of heavy metals using the NICA-Donnan model are presented in 

Figure 37, Figure 38, Figure 39 & Figure 40. Values represent the percentage of leached metal 

complexed with organic carbon, other compounds or as freely dissolved metal ions. Organic 

complexation is exclusively attributed to fulvic acids by the model. FA 1 and FA 2 represent 

complexation to carboxylic and phenolic functional groups, respectively. FA ES represent 

weakly electrostatically bound metals to dissolved fulvic acids. The resulting estimations from 

the geochemical modeling are used to derive general observations and should not be considered 

as absolute values. 

 

 

 

 

 

 

 

Practically all Cu is complexed with DOC, where phenolic functional groups dominate 

complexation of Cu across all waste fractions. Carboxylic binding dominate in sample fractions 

WEEE 2 & 4, where WEEE 2 include some weakly electrostatically bound Cu, though the 

Figure 37: Modeled complexation of Cu with organic carbon and other 

components in the leachate of various waste samples. VF, Comb and WEEE 

represent vehicle fluff, combustible and waste electronics, respectively. FA 1, FA 

2, FA ES, IOS and Free represent carboxylic bonds, phenolic bonds, weak 

electrostatic bonds, inorganic species and free dissolved metals, respectively.  
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result for both of these sample fractions have high uncertainties due to their high amount of 

DOC. No free or otherwise complexed Cu is estimated to remain in the leachate solution.  

 

 

 

 

 

 

 

All leached Pb is forming organic complexes in the modeled solution. Complexation of Pb with 

phenolic groups dominate across all waste fractions. No free or non-organic Pb species are 

estimated to remain in the leachate solution. Complexes of Pb in sample WEEE 4 are more 

attributed to carboxylic groups, though most is bound to phenolic groups. Pb in sample fraction 

WEEE 2 is equally bound to both functional groups and weak electrostatic binding.  

 

 

 

 

 

 

 

 

Figure 38: Modeled complexation of Pb with organic carbon and other 

components in the leachate of various waste samples. VF, Comb and WEEE 

represent vehicle fluff, combustible and waste electronics, respectively. FA 1, FA 

2, FA ES, IOS and Free represent carboxylic bonds, phenolic bonds, weak 

electrostatic bonds, inorganic species and free dissolved metals, respectively. 

Figure 39: Modeled complexation of Cd with organic carbon and other 

components in the leachate of various waste samples. VF, Comb and WEEE 

represent vehicle fluff, combustible and waste electronics, respectively. FA 1, FA 

2, FA ES, IOS and Free represent carboxylic bonds, phenolic bonds, weak 

electrostatic bonds, inorganic species and free dissolved metals, respectively. 
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Cd in the leachate is roughly 95 % complexed with DOC, with some Cd existing as freely 

dissolved ions or as other species. Carboxylic functional groups dominate organic complexation 

of Cd, with sample WEEE 2 & 4 being the only exception, and are dominated by phenolic 

binding. Weakly electrostatically bound Cd is largely present in sample WEEE 2. Free Cd2+ 

comprises the majority of non-organically complexed Cd. 

 

 

 

 

 

 

 

Limited organic complexation of Zn is present in most waste fractions. Weakly electrostatically 

bound Zn is present to a limited extent in most waste fractions. Organic Zn species in 

combustible wastes is mostly limited. In vehicle fluff and combustible wastes, concentrations 

of free Zn2+ is slightly higher than other Zn species. In waste electronic fractions, other Zn 

species is in majority compared to free Zn2+. 

4.11.2 Saturation of metal species 

Average saturation index values of the metal species reaching oversaturation in geochemical 

modeling is presented in Figure 41. Positive values suggest oversaturation of the given species. 

Error bars represent minimum and maximum modeled values.  

Figure 40: Modeled complexation of Zn with organic carbon and other components 

in the leachate of various waste samples. VF, Comb and WEEE represent vehicle 

fluff, combustible and waste electronics, respectively. FA 1, FA 2, FA ES, IOS and 

Free represent carboxylic bonds, phenolic bonds, weak electrostatic bonds, 

inorganic species and free dissolved metals, respectively. 

0 %

10 %

20 %

30 %

40 %

50 %

60 %

70 %

80 %

90 %

100 %
Zn

Free

IOS

FA ES

FA 2

FA 1



74 

 

 

 

 

 

 

 

Only some vehicle fluff and waste electronic fractions reached oversaturation during modeling. 

Hydrozincite (Zn5(CO3)2(OH)6), smithsonite (ZnCO3), zinc carbonate hydrate (ZnCO3:H2O) 

and Zn phosphate tetrahydrate (Zn3(PO4)2:4H2O) were the only species oversaturated in the 

model. All vehicle fluff leachate yielded oversaturation of hydrozincite and smithsonite, with 

some of vehicle fluff waste fraction leachate yielding oversaturation of zinc carbonate hydrate 

and zinc phosphate tetrahydrate. Combustible waste leachate yielded no estimated 

oversaturation of metal species. Some leachates from waste electronic fractions reached 

oversaturation for zinc carbonate species, though average values were undersaturated for all 

minerals. 

4.11.3 Variation of DOC content 

The resulting change in relative organic complexation as a response to declining DOC 

concentrations relative to measured values is presented in Figure 42, Figure 43 and Figure 44 

a-b. Values represent relative amount of organically complexed metal of total metal in leachate 

fluid. Low values suggest high amounts of non-organic metal species in the leachate solution. 

Figure 41: Average modeled saturation of metal species in leachate liquids. All minerals 

included reached positive saturation values in the geochemical modeling. VF, Comb and 

WEEE represent vehicle fluff, combustibles and waste electronic fractions, respectively. 
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A decline in organic metals species is observed at 20 % original DOC content for Cu and Pb in 

vehicle fluff. Cd is more sensitive to concentrations of DOC, where reduced organic complexes 

are observed at 40 %. Relative amounts of organic Zn species is generally low at initial DOC 

concentrations, and decline mostly proportionally with DOC concentrations.  

 

 

 

 

 

 

Virtually no decline in organic Pb species is observed in combustible wastes, even at 1 % 

original DOC concentration. Organic Cu species is declining slightly for DOC concentrations 

5 % the original value. Complexation of Cd with DOC decline at concentrations below 40 % 

original DOC value. Less than 10 % of Zn is complexed in organic species at original DOC 

values, where organic Zn species decrease proportionally as DOC values decline, suggesting 

that Zn is mostly unaffected by organic speciation.  

Figure 42: Change in organic complexation of heavy metals for declining DOC 

concentrations. Lines represent average values. Shadows represent min and max 

values. X axis is not proportional. 

Figure 43:  Change in organic complexation of heavy metals for declining DOC 

concentrations.  Lines represent average values. Shadows represent min and max 

values. X axis is not proportional. 
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Pb is largely complexed with organic carbon even at low DOC concentrations. The amount of 

organic Zn species is noticeably reduced at 40 % original DOC content, though uncertainties 

are high closer to original DOC values. The relative amount of Cu complexed with organic 

carbon declines below 20 % original DOC content, with increasing uncertainty at low DOC 

concentrations. Cd complexations with organic carbon decrease gradually with declining DOC 

content, where uncertainties are relatively high overall.  

In general, modeling suggest the amount of Pb complexed with organic carbon is not decreasing 

with declining DOC content until 1-5 % original DOC values. Cu is, similarly to Pb, largely 

complexed with organic carbon even at low DOC concentrations, where 10 % of the original 

DOC concentration is enough to complex the majority of Cu in the waste leachates. Organic 

Cd species are more affected by DOC decline compared to the other metals studied, with the 

relative amounts of organic Cd species decreasing as DOC content decline. Complexation of 

Zn in organic species is relatively low compared to Cu and Pb at original DOC content, and 

though the relative amount of organic metal species decrease quickly as DOC decrease, Zn is 

mainly not affected. At 1 % original DOC concentrations, Cu and Pb carbonate and phosphate 

minerals become oversaturated and can contribute to the mobility of these elements. 

Figure 44 a-b:  Change in organic complexation of heavy metals for declining DOC 

concentrations.  Lines represent average values. Shadows represent min and max 

values. X axis is not proportional.  
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5 Discussion 

In a circular economy, the reuse, recycling and reprocessing of waste material in a virtually 

closed resource loop is essential for the sustainability of our society. The development of easily 

dismantleable and recyclable products, and technologies to efficiently recycle existing waste 

are crucial steps towards a zero net loss situation. However, there are several challenges to 

overcome during the adaptation of this strategy. Among them are the release of heavy metals 

from waste intended for reuse and recycling, or during the reprocessed products lifetime.  

5.1 Release of heavy metals 

The release of heavy metals from the waste fractions vehicle fluff, combustibles and waste 

electronic and electric equipment for the heavy metals Cu, Pb, Cd and Zn are presented in Table 

12. Overall, the distribution of average leaching capacity from the combined waste fractions 

studied follow the order Zn>Cu>Pb>Cd. This is consistent with the observed distribution of 

metal release from Norwegian waste handling facilities (Miljødirektoratet, 2015a). The 

leachability from vehicle fluff, combustibles and waste electronics contribute to the 

accumulative release of hundreds to thousands of kilograms of Cu, Pb and Zn, and several 

kilograms of Cd into the environment every year.  

Table 12: Leaching capacity of waste fractions vehicle fluff, combustibles and WEEE.  

Waste category Cu (mg kg-1) Pb (mg kg-1) Cd (mg kg-1) Zn (mg kg-1) 

Vehicle fluff 1.2 – 2.4 0.01 – 2.2 0.01 – 0.18 4.4 – 130 

Combustibles 0.18 – 0.27 0.01 – 0.1 0.002 – 0.003 0.6 – 3.2 

WEEE 0.02 – 41 0.01 – 5.2 ~0 – 0.17 0.01 – 18 

 

A compilation of heavy metal leaching found in literature is presented in detail in Appendix F 

and discussed for each of the studied elements and waste categories in the following chapters.  

5.1.1 Copper 

A correlation between high potential Cu release and visual content of fluffy materials are 

observed across the waste fractions. Visual inspection of samples suggest high Cu content in 

waste electronic fractions in form of insulated and shielded wires. Gradual weathering of these 
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insulations can further increase release of Cu in older waste masses, as observed in long term 

leaching studies of electronic waste (Li et al., 2009). 

Vehicle fluff 

Total content of Cu in vehicle fluff waste fractions averaged 8623 mg kg-1. This is slightly 

higher than values observed in literature, though still comparable (Gonzalez-Fernandez et al., 

2008).  

Release of Cu from vehicle fluff fractions averaged 1.9 mg kg-1 waste, with relatively low 

variability (1.2 – 2.4 mg kg-1). The observed release values for Cu are within the range found 

in similar studies on vehicle fluff (Cossu and Lai, 2013; Ferella et al., 2015). 

The release of Cu compared to total content in vehicle fluff waste fractions are on average 0.02 

%. This is within the range of released to total Cu content ratios found with values from 

literature, at 0.01 – 0.08 % (Gonzalez-Fernandez et al., 2008; Cossu and Lai, 2013; Ferella et 

al., 2015).  

Combustibles  

Total Cu content in combustible wastes are comparable with the 10 % lowest reported total Cu 

contents found in overview studies, at 9.5 mg kg-1, where expected total content of Cu in 

combustible waste is ~30 mg kg-1 (Götze et al., 2016). 

The release of Cu from combustible waste fractions are considerably lower than for vehicle 

fluff and waste electronics, with an average of 0.22 mg kg-1. Variability is relatively low 

compared to vehicle fluff and waste electronics, with values ranging between 0.18 – 0.27 mg 

kg-1. No comparable studies were found for Cu leaching in pre combusted waste, though 

relatively low total content suggest low release of Cu compared to vehicle fluff. 

Release of Cu compared to total content in combustible waste is considerably higher than for 

vehicle fluff, with average values of 2.34 %. This is due to considerably lower total content 

than expected according to literature, and can result in a reduction of released Cu from 

combustible wastes within a short timeframe. Reliable data to compare with observed data, 

have not been found in the literature.   
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Waste electronics 

Total content of Cu is significantly higher in waste electronics compared to vehicle fluff and 

combustible wastes, at 120 000 mg kg-1. The observed total content is comparable with values 

found in literature (Zhou et al., 2013).  

Individual fractions of waste electronics yield the highest potential release of Cu of the waste 

categories studied. Although there is high relative variability within the waste category (0.02 – 

41 mg kg-1), average release values also reflect high Cu release values from waste electronics 

compared to vehicle fluff and combustibles, at 7.78 mg kg-1. Only acid assisted leachate 

analysis is found in literature, with higher concentrations of Cu released compared to the 

observed values in this thesis. Higher Cu concentrations compared to distilled water are 

expected for leaching analysis utilizing lower pH leachate liquids (Norges Geotekniske 

Institutt, 1990; Van Der Sloot, Comans and Hjelmar, 1996).  

Compared to the total content, the released amount of Cu in waste electronics is comparable 

with vehicle fluff, at <0.01 %, where both wastes are significantly lower compared to 

combustible waste fractions. Due to the high presence of Cu in waste electronics, the relative 

amount of Cu released is significantly lower than expected compared to combustible waste 

fractions. Acid assisted release compared to total Cu content are 0.07 % using values found in 

literature, which is expectedly higher than the observed value, though not significant compared 

to combustible waste fractions (Zhou et al., 2013). 

5.1.2 Lead 

Vehicle fluff 

Total content of Pb observed in vehicle fluff waste fractions result in average concentrations of 

1415 mg kg-1. The observed concentration is lower, but comparable to total Pb content in 

vehicle fluff waste found in literature (Gonzalez-Fernandez et al., 2008).  

Due to high variability across waste types, a few fractions with considerable release 

concentrations control the average release values of Pb. The release of Pb from vehicle fluff 

fractions average 0.61 mg kg-1, with relatively high variability (0.01 – 2.2 mg kg-1). Average 

release concentrations are consistent with release values found in similar studies (Cossu and 

Lai, 2013; Ferella et al., 2015).  
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Release of Pb compared to total content in vehicle fluff fractions are on average 0.04 %. This 

is higher compared to values calculated from literature, at 0.002 – 0.015 % (Gonzalez-

Fernandez et al., 2008; Cossu and Lai, 2013; Ferella et al., 2015). The observed total Cu content 

in vehicle fluff waste fractions are lower compared to total content in literature, while release 

values are comparable, explaining the increased release compared to total content.  

Combustibles 

Total content of Pb in combustible waste fractions is considerably lower compared to vehicle 

fluff fractions, with an average of 8.1 mg kg-1. Observed total content concentrations are 

comparable to the lowest 10 % of reported total Pb found in overview studies (Götze et al., 

2016). Expected total content of Pb in combustible waste is ~50 mg kg-1 (Götze et al., 2016).  

Average release concentrations of Pb in combustible waste fractions are 0.05 mg kg-1, 

considerably lower compared to vehicle fluff fractions. Variability is also lower compared to 

vehicle fluff fractions (0.01 – 0.1 mg kg-1). No comparable studies were found for Pb leaching 

in pre combusted waste, though relatively low total content suggest low release of Pb compared 

to vehicle fluff.  

Release of Pb compared to total content is considerably higher compared to vehicle fluff waste 

fractions, at 0.59 %. High release compared to total content is attributed to the low concentration 

of total content observed in the material, compared to total content in literature. Due to high 

relative release of Pb compared to total content, Pb available for leaching might be reduced 

within a short timeframe in combustible waste masses. No reliable data was found in literature 

to compare with the observed results. 

Waste electronics 

Total content of Pb in waste electronics is higher compared to vehicle fluff and combustible 

waste fractions, with average values of 3353 mg kg-1. The observed total content is considerably 

lower than the range found in literature (Li et al., 2006; Zhou et al., 2013). Analysis on 

electronic waste fractions in literature are conducted exclusively  on printed circuit boards, and 

not bulk waste electronics mixed with wood granulates and plastics. Total content of wood and 

plastics are considerably lower compared to circuit boards, and Pb content in literature are 

higher as a result, compared to the observed total concentrations (Bode et al., 1990; Götze et 

al., 2016). 



81 

 

Average release concentrations of Pb from waste electronic fractions are higher than vehicle 

fluff and combustibles, at 1.23 mg kg-1. Variability is comparable with vehicle fluff, and higher 

compared to combustible fractions (0.01 – 5.2 mg kg-1). Release of Pb in similar studies is 

higher than the values observed in this thesis (Oguchi, Sakanakura and Terazono, 2013; Wuhib, 

2015). As previously discussed, differences in the bulk wastes studied compared to the waste 

circuit boards studied in literature lead to higher values in literature release values. Similar 

ratios between released Pb and total content allow for some comparability between the present 

study and literature observations.  

Release of Pb from waste electronic fractions compared to total content is comparable with 

vehicle fluff, but significantly lower compared to combustible waste fractions, at 0.04 %. This 

is comparable to ranges calculated from values in literature, at 0.02 – 0.09 % (Li et al., 2006; 

Oguchi, Sakanakura and Terazono, 2013; Zhou et al., 2013; Wuhib, 2015).  

5.1.3 Cadmium 

Vehicle fluff 

Total content of Cd in vehicle fluff waste fractions result in average concentrations of 26 mg 

kg-1.  This is within a comparable range of similar studies using acid digestion (4.94 – 43.4 mg 

kg-1) (Kurose et al., 2006; Gonzalez-Fernandez et al., 2008; Singh and Lee, 2015).  

Average release concentrations of Cd from vehicle fluff waste fractions are 0.06 mg kg-1, with 

relatively high variability (0.01 – 0.18 mg kg-1). Release concentrations are slightly higher, but 

comparable to values found in literature (0.01 – 0.02 mg kg-1) (Cossu and Lai, 2013).  

Release of Cd from vehicle fluff waste fractions compared to total content are on average 0.22 

%. This is within the range calculated from acid digested Cd concentrations from vehicle fluff 

waste, at 0.02 – 0.4 % (Gonzalez-Fernandez et al., 2008; Cossu and Lai, 2013; Singh and Lee, 

2015).  

Combustibles 

Total Cd content in combustible waste is considerably lower than Cd in vehicle fluff wastes, at 

0.8 mg kg-1. This is comparable with mean total content found literature, at 1 mg kg-1 (Götze et 

al., 2016). 
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The average potential release of Cd in combustible wastes is considerable lower than for vehicle 

fluff, at 0.002 mg kg-1. Variability is low compared to vehicle fluff, at 0.002 – 0.003 mg kg-1, 

though uncertainties from analysis are high (50 – 150 % relative uncertainty). No comparable 

studies were found for Cd leaching in pre combusted waste, though relatively low total content 

suggest low release of Cd compared to vehicle fluff.  

Release of Cd compared to total content in combustible waste is 0.26 % on average. This is 

comparable with vehicle fluff waste fractions due to the fact that the ratios between released 

and total Cd content are similar, though values are at different orders of magnitude. Reliable 

data to compare with the observed results were not found in literature. 

Waste electronics 

Total content of Cd in waste electronics are comparable with total content in vehicle fluff 

fractions, at 29 mg kg-1 on average. Both waste electronics and vehicle fluff have significantly 

higher total Cd content compared to combustible waste fractions. Total Cd content in waste 

electronic fractions are lower compared to values found in literature, though as discussed 

previously total content analysis was conducted exclusively on printed circuit boards, compared 

to electronic waste mixed with wood granulates and plastics, resulting in higher concentrations 

in literature (Zhou et al., 2013).  

Average Cd release from waste electronic fractions is similar to vehicle fluff, at 0.05 mg kg-1. 

Both waste fractions have considerably higher release values compared to combustible waste 

fractions. Some waste fractions contain negligible concentrations (~10-5 mg kg-1) of Cd, leading 

to high variability (~0 – 0.17 mg kg-1), where uncertainty of low Cd concentrations are relatively 

high. Dividing the waste electronics into two groups, with high relative amounts of plastics and 

wood granulates on one side, and plastics with shredded electronic waste on the other, provide 

release concentrations of 0.007 and 0.1 mg kg-1, respectively. This is due to plastics and wood 

containing less Cd compared to printed circuit boards (Bode et al., 1990; Götze et al., 2016). 

The release from waste fractions containing shredded electronic waste is comparable to values 

found in similar studies on printed circuit boards (Wuhib, 2015).  

Release of Cd from waste electronics compared to total content is 0.19 % on average, which is 

slightly lower, but comparable to both vehicle fluff and combustible waste fractions. This is 

lower compared to values calculated from literature (1.2 %) (Zhou et al., 2013; Wuhib, 2015). 
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This is attributed to reduced average release values of mixed waste masses compared to analysis 

conducted exclusively on printed circuit boards. Acid assisted analysis on Zn from waste 

electronics resulted in lower release compared to pure water leaching, suggesting difficulty in 

achieving representative results for leaching of waste electronics (Zhou et al., 2013). 

5.1.4 Zinc 

Vehicle fluff 

Total Zn content observed in vehicle fluff fractions resulted in average concentrations of 16 

306 mg kg-1. This is the highest total content of any of the metals studied in vehicle fluff 

fractions. The average concentration is higher, but comparable to total Zn content found in 

literature for vehicle fluff waste (9858 mg kg-1) (Gonzalez-Fernandez et al., 2008). Higher total 

content of Zn compared to Cu and Pb is also consistent with values found in literature. 

Release of Zn from vehicle fluff is higher than for other waste fractions and metals studied, 

with average values of 36.8 mg kg-1 and low variability (4.4 – 130 mg kg-1). Observed average 

release concentrations are significantly higher compared to similar studies in literature, ranging 

between 1 – 10.4 mg kg-1 (Gonzalez-Fernandez et al., 2008; Cossu and Lai, 2013; Ferella et al., 

2015). This can be explained by the high presence of rubber and synthetic materials in high Zn 

releasing waste fractions, where rubber and synthetic materials contain high contents of Zn 

(Bode et al., 1990). Vehicle fluff waste fractions with lower content of  rubber and synthetics 

are comparable with Zn release in similar studies (Gonzalez-Fernandez et al., 2008; Cossu and 

Lai, 2013; Ferella et al., 2015).   

The release of Zn compared to total content in vehicle fluff waste result in average values of 

0.16 %. Average values are higher than the calculated range from values in literature, at 0.01 – 

0.11 mg kg-1 (Gonzalez-Fernandez et al., 2008; Cossu and Lai, 2013; Ferella et al., 2015). This 

is probably due to the higher total content of Zn in vehicle fluff wastes, possibly attributed to 

the presence of rubber and synthetic materials with high total content of Zn.  

Combustibles 

The total content of Zn observed in combustible waste is higher than total content of other 

metals studied in the same waste fraction, at 3054 mg kg-1. This is significantly higher compared 

to total content values found in literature, though comparable to the upper 90 % of reported 



84 

 

total content values in combustible waste, at 4121 mg kg-1, where the expected concentration is 

roughly 230 mg kg-1 (Götze et al., 2016). 

The release of Zn from combustible fractions is higher compared to the other metals studied, at 

1.9 mg kg-1, with relatively low variability (0.6 – 3.2 mg kg-1). No comparable studies were 

found for Cd leaching in pre combusted waste in literature, though relatively low total content 

suggest low release of Cd compared to vehicle fluff. Higher release of Zn compared to other 

metals studied is consistent with total content, as total Zn in combustible waste is higher than 

Cu, Pb and Cd, both for the observed total content and total content reported in literature (Götze 

et al., 2016).  

Release of Zn compared to total content in combustible waste is lower compared to vehicle 

fluff fractions, with average values of 0.06 %. This is due to significant total content of Zn in 

combustible wastes. No reliable data to compare with observed results was found in literature. 

Waste electronics 

Total content of Zn in waste electronics is lower than for vehicle fluff waste, and slightly higher 

than combustible waste fractions, at 4063 mg kg-1. This is significantly lower compared to total 

Zn content found in literature, at 12 000 mg kg-1 (Zhou et al., 2013). This is due to the fact that 

analysis in literature were conducted exclusively on printed circuit boards, compared to mixed 

waste fractions also containing low Zn content wood and plastics, resulting in higher total 

content values in literature (Bode et al., 1990; Götze et al., 2016).  

Average release concentrations of Zn from waste electronic fractions are significantly lower 

compared to vehicle fluff, but higher than combustible waste fractions, at 6.53 mg kg-1. 

Variability is relatively high compared to other wastes, ranging between 0.01 – 18 mg kg-1. 

Average release concentrations are lower compared to values found in literature, at 28 mg kg-1 

(Wuhib, 2015). This is due to the fact that waste fractions studied in this thesis are mixed with 

other materials, resulting in lower observed values compared to release values from printed 

circuit boards exclusively. 

Release of Zn from waste electronics compared to total content resulted in an average value of 

0.16 %. This is comparable with vehicle fluff and significantly higher compared to combustible 

waste fractions. The average values are lower, but comparable to values calculated from 

literature, at 0.23 % (Zhou et al., 2013; Wuhib, 2015).  
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5.1.5 Parameters affecting metal release 

pH 

All waste fraction leaching tests resulted in leachate liquids with pH values between 7 and 10. 

This is within the range of lowest potential release of Cu, Pb and Zn according to the pH 

dependent solubility of these elements, and the release potential observed in the various waste 

types can therefore be viewed as minimum potential values. For Cd, increasingly basic 

conditions will result in a continued reduction of Cd release. The deionized water used in 

leaching test was measured at pH 5.5, and slightly more acidic conditions from rainwater or 

other sources under real world conditions can increase the release potential of Cu, Pb and Zn 

substantially. The initial and resulting pH of the leachate liquid suggest the waste masses 

possess some acid neutralization capacity, suggesting that low pH conditions would be unlikely 

under field conditions. 

Particle size 

Additional analysis of different size fractions in the waste samples, resulted in differences in 

release potential. <4 mm particle fractions from the waste was separated from the larger particle 

fractions, where the latter was milled to reduce particle sizes to <4 mm. The difference in release 

potential could document if leaching is only dependent on surface area to mass ratios, or if 

material of typical particle sizes also have an effect. Results suggest that the <4 mm fractions 

have a generally higher release of compounds, especially for heavy metals, compared to the 

fraction of larges particles after milling. The higher release of compounds in <4 mm particle 

fractions can possibly be attributed to the dust fraction, where surface area to mass ratio is the 

highest and has a high impact on the metals release potentials.  

Leaching time 

In a long term study conducted on waste electronics, Li et al., 2009 concluded that leachability 

of heavy metals from waste are often high in the beginning, but decline quickly after a limited 

period. For example, Zn release from waste electronics diminished after 50 days due to the near 

complete dissolution of components outer zinc iron (galvanized) layer, where the underlying 

material did not contain any significant Zn content. The approximately same pattern is observed 

in Cu and Pb, where released amounts decline rapidly after the easily leachable concentration 
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is released. However, the content of Cu and Pb incorporated in the solid matrix allow for a 

lower but stable continuous release of these metals.  

The leachability of Cu, Pb and Zn in waste electronics and presumably other waste fractions 

are assumed to decline after a duration of time when exposed to precipitation, due to the fact 

that most available metal in the waste has been dissolved. In older electronic wastes, metal 

release rates can be reduced. On the other side, a significant amount of metals, especially Zn, 

can be released in a short time period if fresh waste masses are exposed to leaching conditions 

like rainwater infiltration. 

5.2 Mobility and transport of heavy metals in the environment 

No correlation between waste type and leachate capacity of DOC was found and, similar to 

other studies on the leaching capacity of waste electronics, no correlation between low pH 

values and high DOC values were observed (Wuhib, 2015). However, a possible correlation 

between the presence of highly fibrous, or "fluffy" materials like textiles, paper and insulation, 

and high DOC values in the leachate was found. High DOC values can then be explained by 

considerable amounts of carbon rich material with a high surface area.  

Speciation 

Dissolved organic carbon was measured assuming that all carbon present was dissolved organic 

carbon as leachate liquids were passed through 0.45 µm filters (Gimmingsrud, 2019). Due to 

the fact that waste fractions did not contain soil, high molecular weight humic acids were not 

assumed present, and only fulvic acids were considered present in the leachate. However, the 

ratio of natural organic carbon to anthropogenic carbon from polymers in the waste are 

unknown. In addition, the presence of organic carbon with metal binding ligands acting 

comparably to humic and fulvic acids are uncertain. 

Modeling of the relative quantity of organic metal species and how it responds to reduced DOC 

values can give insight into the studied metals affinity for organic metal complexation, should 

lower presence of metals binding ligands be accurate. The modeling of these conditions can be 

highly uncertain, as many assumptions are made during the process.  

For all waste fractions, Cu and Pb are dominantly complexed (>99 %) to organic carbon at 

original DOC values, with the majority complexed to phenolic functional groups. Both 
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elements remain dominantly complexed (>78 %) to organic carbon even at DOC values 5 % of 

the initial concentration. This is consistent with other studies conducted, where the Cu and Pb 

are up to 99 % organically complexed in most cases (Alloway, 2013). Cd is also dominantly 

complexed (>94 %) at original DOC concentrations, consistent with organically complexed Cd 

in literature with high DOC (Adriano, 2001). However, the relative amount of organic Cd 

species rapidly declines below 40 % original DOC concentration, leading to higher amounts of 

free Cd in the solution at low presence of metal binding ligands.  

Modeling of Zn resulted in relatively low complexation to organic carbon (<60 %), where up 

to half the total Zn in the leachate liquid exist as freely dissolved metal ions, and a majority of 

the remaining Zn forming non-organic species. This is expected according to literature, where 

Zn has an affinity for forming non-organic species, though the high relative content of free Zn2+ 

is unexpected due to the alkaline nature of the leachates, suggest a higher presence of Zn(OH)2 

than observed (Adriano, 2001). Zn is mainly unaffected by reduced DOC due to low organic 

complexation at original DOC content.  

Availability and mobility of metal species 

In general, metals complexed with organic species are assumed unavailable to plants and 

aquatic organisms (Adriano, 2001; Alloway, 2013). However, the fraction of weakly bound 

metals by electrostatic bonds in fulvic acids can be bioavailable (Alloway, 2013). Weak 

electrostatic bonds are generally not observed in modeled speciation of Cu, Pb and Cd, although 

present to a limited extent in Zn leachates. As essentially all Cu, Pb and Cd is strongly 

organically complexed at original DOC concentrations, the bioavailability of these metals are 

assumed to be insignificant. Increased amounts of free Cd2+ at low DOC concentrations can be 

assumed, and bioavailability of Cd is consequently higher under low concentrations of metal 

binding ligands. Zn is mostly present in free form, and is readily available to plants and 

organisms.   

No mobility controlling inorganic species for any of the observed metals are estimated to be 

present in sufficient saturation in the leachate liquids. Organic metal species are assumed to be 

controlling mobility of Cu, Pb and Cd, due to their relative dominant presence in metal 

complexation. Complexation of Zn with organic carbon is relatively low, and the zinc 

carbonates and zinc phosphates oversaturated in a portion of waste fraction are not influencing 

metal mobility significantly (Adriano, 2001). Free Zn2+ is relatively mobile in water, and so 
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local conditions can influence the mobility of Zn in groundwater systems. Low presence of 

metal binding carbon can result in increased amounts of oversaturated Cu, Pb and Zn carbonates 

and phosphates, possibly affecting mobility of the metals in the solution. 

Dissolved organic complexes can transport metals in groundwater systems until equilibrium 

conditions in the water system changes, allowing metals to be released in their free form, which 

can be hazardous to the environment.  Leachate liquids from all waste fractions were alkaline, 

causing low solubility of organic acids (Adriano, 2001). Organic metal species may have 

reduced mobility as a result.  

Geochemical modeling of metal species in the leachate solution include several assumptions, 

and the calculated results are subject to uncertainties.  

5.3 Assessment of the methodology 

Waste handling 

High heterogeneity in several waste fractions make representative sampling and subsampling 

challenging. Visually representative samples and sub-samples were collected both in the field 

and in the lab. Waste fraction pieces too large or unsuitable for collection and size reduction 

were neglected, possibly leading to bias and increased variability in leachate results. 

Particle size reduction methods applied to the sampled waste to increase homogeneity of waste 

fractions, can possibly increase the release capacity of metals and other compounds, as 

demonstrated in 4.9.2. The majority of waste fractions were processed to achieve particle size 

reduction, and some of the leachate parameters can be increased as a result. 

Measurements 

Accurate determinations of alkalinity and redox values are dependent on immediate 

measurements after batch shake tests. Measurement of both parameters were conducted within 

reasonable time frames, though some redox values were measured on diluted samples and can 

be inaccurate due to redox interaction with the dilution liquid. Geochemical speciation 

calculations use redox values for the calculation of redox couples, though no redox sensitive 

ion couples are present in the leachate and inaccurate redox values should not influence 

modeling results notably (Okkenhaug, 2019). Alkalinity values are reduced when in contact 
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with the atmosphere and real life alkalinity of leachates can be lower in in situ waste masses 

(Sena, 2018).  

All analytical measurements except DOC were conducted on triplicates of sub-samples and 

averages were used to ensure representable parameter values. ICP-MS analysis on heavy metals 

generally resulted in values with <5 % standard deviation for Cu, Pb, Cd and Zn, while low Cd 

values (<10-4 mg kg-1) had high relative standard deviation (30 – 150 %), which included 

uncertainty ranges of scales and other measuring tools used.  

To document the consistency of the methodology, the material from the same waste fraction 

was prepared twice separately, and tested at different times and analyzed in different batches 

together with the other samples. Their variability show relatively low variation, except for Na 

and Mg, where the difference between averages values of the two triplicates were high. 

Consistently low variation indicate low uncertainty of the methodology, while individual high 

variation indicate high uncertainty for those parameters. Na and Mg can therefore be considered 

as uncertain parameters, possibly affecting geochemical modeling results.  

5.4 Implications towards the circular economy 

Leaching of Cu, Pb, Cd and Zn from vehicle fluff and WEEE waste result in average leachate 

concentrations exceeding limit values for lightly contaminated waste. The highest observed Zn 

values exceed stable hazardous waste and hazardous waste upper limits (Klima- og 

miljødepartementet, 2004b). Leachate concentrations from combustible waste does not exceed 

any limit values for Cu, Pb, Cd and Zn (Klima- og miljødepartementet, 2004b). 

Several tons of waste from vehicle fluff, combustibles and electric and electronic equipment 

(WEEE) are produced in Norway every year (SSB, 2018). Some of these wastes are not 

recycled or incinerated, and fractions end up in landfills (Arp et al., 2012). End of life (EOL) 

vehicles are 93.8 % recycled, where 90 % of remaining vehicle fluff fractions are deposited in 

landfills. 84.2 % of WEEE are recycled, where 6 % of remaining fractions is landfilled (Arp et 

al., 2012). Combustible waste is often temporarily deposited awaiting incineration in waste 

handling facilities. These deposited waste masses can release tons of hazardous metals when 

exposed to leaching conditions as a result of for instance rainwater infiltration. Estimated yearly 

release rates of heavy metals from the studied waste fractions are presented in Table 13, using 

leaching values found in this thesis and waste production data from Arp et al., 2012.  
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Table 13: Estimated yearly release rates of Cu, Pb, Cd and Zn from vehicle fluff, combustibles and waste electric 

and electronic equipment (WEEE), given as a range and standard deviations.  

Element Vehicle fluff  Combustibles * WEEE  

Total waste    

(ton year-1) 

7989 ± 1997 3 490 000 ± 872 500 7979 ± 1995 

Cu (kg year-1) 9.3 ± 2.3 – 18.9 ± 4.7 621 ± 155 – 928 ± 232 0.2 ± 0.1 – 332.5 ± 83.1 

Pb (kg year-1) 0.08 ± 0.02 – 17.7 ± 4.4 20.4 ± 5.1 – 314 ± 78 0.04 ± 0.01 – 42 ± 10 

Cd (kg year-1) 0.1 ± 0.02 – 1.4 ± 0.4 5.7 ± 1.4 – 8.3 ± 2.1 0.0002 ± 0 – 1.4 ± 0.3 

Zn (kg year-1) 35.3 ± 8.8 – 1036 ± 259 1933 ± 483 – 11319 ± 2830 0.08 ± 0.02 – 145 ± 36 

* Combustible waste is eventually incinerated. Values indicate potential leaching capacity prior to combustion  

Considerable amounts of Cu are released from combustibles and waste electronics every year. 

This is due to high concentrations of Cu in waste electronics and a significant amount of 

combustible waste produced every year (Arp et al., 2012). All waste fractions studied show 

significant release potential for Zn.  

A temporal estimation can be calculated based on the properties of the waste material and 

precipitation data, corresponding to the liquid to solid (L/S) ratio of the batch leaching test. 

Assuming the average height of deposited waste masses is 10 m, average precipitation values 

of 0.8 m year-1 (Tradingeconomics, 2019) and densities of 0.37 and 0.113 tons m3 for vehicle 

fluff and waste electronics respectively (Zevenhoven and Saeed, 2003; EPA, 2015), an L/S 10:1 

corresponds to roughly 46 and 16 years of leaching for vehicle fluff and waste electronics, 

respectively (Norges Geotekniske Institutt, 1990). Additional release will continue to leach 

from the studied waste masses after these time periods, though possibly at lower rates (Li et al., 

2009). The long term accumulation of deposited waste masses result in increasing amounts of 

unwanted compounds leaching into the environment. 

The yearly release of these metals into groundwater systems can have irreversible effects on 

the environment and humans (Adriano, 2001). A majority of the metals studied are complexed 

to organic carbon, which reduces toxicity compared to dissolved free ion species of the 

respective element (Adriano, 2001). These metals can however be exchanged at any time, 

releasing free ion species into the groundwater system. Complexation of metals with organic 

carbon can as a consequence lead to highly mobile metal species that can increase the total load 

and long term risk of exposure of the environment. 
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Dynamic leaching tests reported in literature suggest high leaching capacity of fresh waste 

masses (Li et al., 2009). The temporarily deposited masses of combustible waste exposed to 

leaching conditions can as a result lead to significant metal release even over short timeframes. 

Combustible waste fractions in this study were observed to release high amounts of Cu, Pb and 

Cd relative to total content, and a significant fraction of metals can be released from 

combustibles prior to combustion. Reducing leaching conditions in the incinerations process 

can help resolve leaching of temporarily deposited wastes, though in turn the combustion of 

waste materials create byproducts with high leaching capacity of hazardous compounds 

(Seniunaite and Vasarevicius, 2017; Leelarungroj et al., 2018; Francis and White, 2019).  

The leaching of contaminants from waste both temporarily and permanently deposited is one 

of the challenges to overcome towards a circular economy. To avoid uncontrolled emissions of 

hazardous elements, improved systems for waste handling must be in place. 

Before 1995, less than 60 % of total waste material was recycled, and more than 25 % of total 

waste ended up in landfills without being combusted for volume reduction (Miljødirektoratet, 

2019). Waste treatment methods like sorting and recycling were less efficient, leading to large 

amounts of older waste masses. These wastes could contain resources that opens possibilities 

for urban mining. The recovery of resources from older waste masses in addition to improved 

waste handling methods for remaining waste can reduce long term leaching of hazardous 

materials. This relies on the development of improved material recovery and waste handling 

technologies. 

5.5 Further work 

To better understand the leaching behavior of the waste fractions studied and other waste 

categories not included in this research, leaching tests should be conducted for additional 

priority elements and compounds. Dynamic leaching tests are also important to document 

leaching of long term deposited waste. As a part of this, a conceptual model of the fate of 

hazardous compounds can be made to map important exposure routes of contaminants to the 

environment and humans, also covering the fate of unwanted contamination in recycled 

materials. This could include an adaptation of the leaching procedure to mimic the environment 

of deposited waste. 
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Analyzing consequences and risk of leached hazardous compounds from waste materials can 

lead to a better understanding of their effect in the environment. Documentation of the 

speciation of elements can be used to assess the bioavailability and transport of compounds, as 

well as their interaction and toxicity when leachate liquids enter groundwater systems.  
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6 Conclusion 

The release potential of Cu, Pb, Cd and Zn from vehicle fluff, combustible and waste electronics 

has been studied. Significant release of Cu and Zn from vehicle fluff and waste electronics was 

observed. The results suggested that a majority of total Cu, Pb and Cd content from combustible 

waste can be released over a short time period. Statistics of waste produced each year in Norway 

were used to estimate potential release rates. The results showed that significant amounts of 

metals can potentially be released from deposited waste.  

Geochemical modeling of metal speciation in the leaching liquid showed that most of the metals 

are forming strong complexation with organic species even at low concentrations of dissolved 

organic carbon. Complexation of metals with organic carbon can as a consequence lead to 

highly mobile metal species that can increase the total load and long term risk of exposure of 

the environment. 

The release of heavy metals from waste is a serious issue that must be addressed in order to 

avoid unwanted contaminants in the environment, and should be considered when developing 

improved waste handling processes that are necessary to achieve a circular economy. 
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A. ICP-MS 

Results of inductively coupled plasma mass spectrometry (ICP-MS) analysis on leachate liquids 

are listed in Table 14 with calculated uncertainties. 

Table 14: Result of ICP-MS analysis on waste fraction leachate liquids for Cu, Pb, Cd and Zn.. Values in mg kg-

1. %RSD represent percent relative standard deviation. VF, Comb and WEEE represent vehicle fluff, combustible 

and waste electronic waste fractions. 

Sample ID Cu %RSD Pb %RSD Cd %RSD Zn %RSD 

VF 1_1 1.59 1.69 0.03 1.79 0.03 4.21 5.56 2.05 

VF 1_2 1.83 1.67 0.004 2.68 0.03 3.08 4.61 2.16 

VF 1_3 1.79 1.65 0.03 1.82 0.02 2.92 3.09 1.84 

VF 2_1 2.19 3.82 2.68 3.63 0.19 4.23 128.28 3.42 

VF 2_2 1.60 4.16 1.71 3.89 0.18 3.92 171.20 3.82 

VF 2_3 3.25 4.16 2.24 3.59 0.17 4.01 89.68 3.67 

VF 3_1 1.05 2.01 0.01 2.30 0.01 4.11 5.14 2.11 

VF 3_2 3.00 2.50 0.01 3.12 0.02 3.31 6.43 2.61 

VF 3_3 3.06 2.27 0.01 3.71 0.01 3.52 7.07 2.21 

VF 4_1 1.01 3.26 0.18 4.37 0.01 5.47 7.47 3.12 

VF 4_2 1.05 2.83 0.20 3.46 0.01 4.32 6.63 2.78 

VF 4_3 1.42 2.31 0.22 3.37 0.01 2.08 6.40 2.49 

Comb 1_1 0.28 1.59 0.01 3.46 0.001 12.01 0.44 2.79 

Comb 1_2 0.24 1.97 0.01 5.91 0.002 4.09 0.55 3.78 

Comb 1_3 0.29 1.54 0.01 3.41 0.002 7.43 0.68 2.03 

Comb 2_1 0.16 3.90 0.07 4.03 0.001 10.07 3.38 3.36 

Comb 2_2 0.20 4.13 0.10 5.63 0.003 5.72 2.93 3.72 

Comb 2_3 0.18 4.36 0.10 5.89 0.003 8.65 3.42 4.05 

WEEE 1_1_1 0.03 2.41 0.04 2.06 0.00002 90.84 0.01 6.13 

WEEE 1_1_2 0.03 2.75 0.03 2.50 0.00004 49.02 0.03 6.41 

WEEE 1_1_3 0.03 3.56 0.03 2.24 0.00001 137.03 0.02 8.15 

WEEE 1_2_1 0.03 2.48 0.05 2.95 0.00004 41.90 0.03 4.29 

WEEE 1_2_2 0.03 2.81 0.05 3.21 0.00002 134.43 0.02 5.29 

WEEE 1_2_3 0.02 1.44 0.05 2.21 0.00001 144.33 0.03 3.34 

WEEE 1_3_1 0.01 6.17 0.38 2.40 0.00005 31.84 0.04 2.52 

WEEE 1_3_2 0.01 4.79 0.12 2.90 0.00004 47.79 0.03 7.05 
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WEEE 1_3_3 0.01 3.66 0.15 3.07 0.00003 22.52 0.02 5.67 

WEEE 2_1 42.07 3.80 1.54 3.65 0.04 3.75 16.79 3.95 

WEEE 2_2 44.45 3.62 1.58 3.68 0.02 5.11 14.14 4.11 

WEEE 2_3 38.46 3.74 1.17 3.71 0.02 5.79 20.19 3.92 

WEEE 2_4 41.71 3.98 1.38 3.90 0.02 4.91 21.55 3.39 

WEEE 3_1 0.12 1.98 0.01 3.14 0.00002 52.60 0.01 5.30 

WEEE 3_2 0.09 2.37 0.01 2.20 0.00001 75.20 0.01 14.08 

WEEE 3_3 0.10 3.15 0.005 3.59 0.00002 49.58 0.01 11.89 

WEEE 4_1 2.09 2.05 0.19 2.62 0.03 2.67 0.01 8.07 

WEEE 4_2 5.04 1.75 1.21 2.85 0.09 1.96 1.73 1.90 

WEEE 4_3 1.62 2.93 0.25 2.07 0.03 3.68 0.01 5.53 

WEEE 5_1 0.04 3.28 0.15 2.52 0.20 2.62 17.16 2.26 

WEEE 5_2 0.03 2.71 0.08 2.37 0.14 1.58 15.17 1.64 

WEEE 5_3 0.06 1.83 0.08 1.86 0.17 1.96 17.41 1.82 

WEEE 6_1 2.24 2.36 4.34 2.80 0.11 2.52 5.38 2.01 

WEEE 6_2 1.79 1.72 5.94 1.93 0.06 2.24 2.73 2.32 

WEEE 6_3 1.79 1.63 5.40 2.15 0.07 1.72 3.43 1.70 

VF 3_over 2.22 2.01 0.004 3.72 0.01 1.84 4.17 2.35 

VF 3_under 5.33 2.19 0.02 3.85 0.01 3.02 5.05 2.41 

Comb 1_over 0.14 2.21 0.01 3.98 0.002 7.58 0.36 2.88 

Comb 1_under 0.49 2.72 0.01 3.42 0.003 5.30 1.20 3.09 

Blank 1 1.1E-3 7.6E-4 2.0E-4 5.0E-3 1.9E-6 3.6E-2 1.9E-3 6.7E-3 

Blank 2 9.0E-4 2.9E-3 8.9E-5 5.3E-3 -9.0E-7 7.7E-2 8.4E-4 8.6E-3 

Blank 3 6.8E-4 3.3E-3 8.8E-6 1.7E-2 -1.4E-6 6.4E-2 2.2E-4 1.5E-2 

Blank 4 1.9E-4 5.2E-3 1.0E-5 1.8E-2 -6.0E-7 1.7E-1 3.1E-4 2.1E-2 

Blank 5 1.2E-4 9.2E-3 1.5E-5 1.4E-2 -1.2E-6 9.2E-2 3.1E-4 1.2E-2 

Blank 6 1.9E-3 1.8E-3 3.0E-5 6.5E-3 -9.0E-7 8.2E-2 2.6E-4 1.3E-2 
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B. Ion Chromatography 

B.a. Cations 

Results of ion chromatography (IC) analysis on leachate liquids for cations are listed in Table 

15.  

Table 15: Result of ion chromatography cation analysis on waste fraction leachate liquids for Na, K, Mg and Ca. 

Values in mg kg-1. VF, Comb and WEEE represent vehicle fluff, combustible and waste electronic waste fractions. 

Sample ID Na K Mg Ca 

VF 1_1 709 382 361 3215 

VF 1_2 770 411 393 2956 

VF 1_3 831 422 373 2450 

VF 2_1 794 114 81 334 

VF 2_2 672 136 93 343 

VF 2_3 856 111 83 332 

VF 3_1 874 278 230 2377 

VF 3_2 893 288 232 2387 

VF 3_3 797 279 245 2386 

VF 4_1 169 77 79 926 

VF 4_2 183 81 79 879 

VF 4_3 192 89 87 862 

Comb 1_1 1205 495 546 7767 

Comb 1_2 1180 474 527 7784 

Comb 1_3 1203 481 550 7852 

Comb 2_1 1725 584 434 7910 

Comb 2_2 1689 596 406 7931 

Comb 2_3 1702 576 415 8150 

WEEE 1_1_1 30 14 129 126 

WEEE 1_1_2 31 6 150 121 

WEEE 1_1_3 30 6 158 112 

WEEE 1_2_1 30 7 149 131 

WEEE 1_2_2 28 7 168 123 

WEEE 1_2_3 25 6 172 115 

WEEE 1_3_1 105 11 564 157 
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WEEE 1_3_2 106 11 610 151 

WEEE 1_3_3 103 11 645 143 

WEEE 2_1 79 127 63 350 

WEEE 2_2 68 135 73 324 

WEEE 2_3 80 134 73 358 

WEEE 2_4 67 125 81 353 

WEEE 3_1 203 12 149 84 

WEEE 3_2 232 13 155 82 

WEEE 3_3 233 13 153 83 

WEEE 4_1 184 170 62 1022 

WEEE 4_2 226 165 76 830 

WEEE 4_3 663 208 37 1161 

WEEE 5_1 35 25 95 479 

WEEE 5_2 34 27 94 539 

WEEE 5_3 37 34 94 537 

WEEE 6_1 43 28 55 185 

WEEE 6_2 47 23 46 183 

WEEE 6_3 44 23 50 167 

VF 3_over 947 261 186 1876 

VF 3_under 1190 312 331 3691 

Comb 1_over 1123 429 493 7964 

Comb 1_under 1251 531 514 7740 

Blank 1 0 0 0 0 

Blank 2 0 0 0 0 

Blank 3 0 0 0 0 

Blank 4 0 0 0 0 

Blank 5 0 0 0 0 

Blank 6 0 0 0 0 
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B.b. Anions 

Results of ion chromatography (IC) analysis on leachate liquids for anions are listed in Table 

16. 

Table 16: Result of ion chromatography anion analysis on waste fraction leachate liquids for F, Cl, SO4, Br, NO3 

and PO4. Values in mg kg-1. VF, Comb and WEEE represent vehicle fluff, combustible and waste electronic waste 

fractions, respectively. 

Sample ID F Cl SO4 Br NO3 PO4 

VF 1_1 2 241 8542 7 1 5 

VF 1_2 3 248 7680 8 1 5 

VF 1_3 2 287 6531 8 6 8 

VF 2_1 28 600 786 4 1 5 

VF 2_2 30 727 920 26 9 14 

VF 2_3 24 576 781 
 

28 
 

VF 3_1 3 731 5538 45 11 
 

VF 3_2 
 

714 5744 44 12 
 

VF 3_3 2 747 5758 45 11 
 

VF 4_1 
 

225 808 31 9 
 

VF 4_2 
 

226 889 32 
  

VF 4_3 
 

238 882 32 
  

Comb 1_1  895 17112 28 10 
 

Comb 1_2  866 16952 28 
  

Comb 1_3  872 17188 28 
  

Comb 2_1  959 16596 52 
  

Comb 2_2  909 16625 45 
  

Comb 2_3  918 16872 48 
  

WEEE 1_1_1  33 20 4 4 5 

WEEE 1_1_2  38 19 4 3 5 

WEEE 1_1_3  28 17 4 3 5 

WEEE 1_2_1  33 17 4 2 5 

WEEE 1_2_2  23 17 4 2 5 

WEEE 1_2_3  22 14 4 2 5 

WEEE 1_3_1 1 54 28 5 4 6 

WEEE 1_3_2 1 53 34 4 8 6 

WEEE 1_3_3 2 55 42 4 4 6 
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WEEE 2_1 8 39 67 3 1 5 

WEEE 2_2 7 36 60 
 

1 5 

WEEE 2_3 8 35 12 3 1 6 

WEEE 2_4 7 32 63 3 1 5 

WEEE 3_1 
 

362 45 18 6 5 

WEEE 3_2 
 

415 38 15 4 5 

WEEE 3_3 
 

419 40 18 4 5 

WEEE 4_1 
 

254 615 23 20 5 

WEEE 4_2 1 174 554 28 21 6 

WEEE 4_3 0 210 612 18 20 7 

WEEE 5_1 4 38 60 6 
 

1 

WEEE 5_2 16 43 56 5 1 1 

WEEE 5_3 5 57 58 12 
 

1 

WEEE 6_1 5 51 105 9 1 1 

WEEE 6_2 13 58 103 7 3 1 

WEEE 6_3 6 54 106 18 4 1 

VF 3_over  698 4358 45 12 
 

VF 3_under 2 743 7360 43 12 
 

Comb 1_over  903 17073 45 
  

Comb 1_under  919 16797 28 476 
 

Blank 1 
 

0 0 0 0 0 

Blank 2 
 

0 0 0 0 
 

Blank 3 
 

0 0 0 0 0 

Blank 4 
 

0 0 0 0 0 

Blank 5 
 

0 0 0 0 0 

Blank 6 
 

0 0 0 0 0 
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C. Leachate liquid analysis results 

Results of pH, alkalinity, electrical conductivity, redox and dissolved organic carbon analysis 

are listed in Table 17.  

Table 17: Analysis results from on waste fraction leachate liquids for pH, Alkalinity, electrical conductivity (EC), 

redox potential and dissolved organic carbon (DOC). VF, Comb and WEEE represent vehicle fluff, combustible 

and waste electronic waste fractions, respectively. 

Sample ID pH Alkalinity EC Redox** DOC 

VF 1_1 7.7 3.8 2371 555 
 

VF 1_2 7.7 4.0 2203 580 
 

VF 1_3 7.7 4.3 2057 654 109 

VF 2_1 7.7 2.5 732 * 525 
 

VF 2_2 7.7 2.5 860 
  

VF 2_3 7.7 2.6 719 
 

172 

VF 3_1 8.1 3.3 1916 590 
 

VF 3_2 8.1 3.2 1957 524 
 

VF 3_3 8.1 3.0 1960 493 242 

VF 4_1 8.0 2.8 606 * 641 
 

VF 4_2 7.9 2.4 592 * 619 
 

VF 4_3 7.9 2.5 604 * 611 52 

Comb 1_1 7.9 5.2 4305 656 
 

Comb 1_2 7.9 5.3 4264 615 104 

Comb 1_3 7.9 5.5 4309 670 
 

Comb 2_1 7.4 6.8 4625 * 611 
 

Comb 2_2 7.5 6.4 4625 * 567 
 

Comb 2_3 7.5 6.8 4654 * 497 296 

WEEE 1_1_1 7.1 1.7 172 * 452 
 

WEEE 1_1_2 8.9 1.6 
  

80 

WEEE 1_1_3 8.8 1.6 
   

WEEE 1_2_1 9.0 1.5 185 * 639 
 

WEEE 1_2_2 8.9 1.6 190 * 634 
 

WEEE 1_2_3 8.9 1.5 182 * 622 
 

WEEE 1_3_1 8.8 4.5 557 * 609 
 

WEEE 1_3_2 7.8 4.9 545 * 650 
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WEEE 1_3_3 8.9 5.1 557 655 
 

WEEE 2_1 7.5 2.0 286 650 
 

WEEE 2_2 7.5 1.8 270 441 
 

WEEE 2_3 7.5 2.1 288 465 
 

WEEE 2_4 7.4 2.0 284 466 318 

WEEE 3_1 8.7 0.7 308 * 630 
 

WEEE 3_2 8.5 2.3 350 * 590 
 

WEEE 3_3 8.7 1.5 336 * 640 75 

WEEE 4_1 9.1 1.0 768 * 605 
 

WEEE 4_2 10.0 3.9 661 596 
 

WEEE 4_3 10.4 1.1 705 486 527 

WEEE 5_1 7.9 2.4 301 * 598 
 

WEEE 5_2 7.8 2.7 329 * 573 
 

WEEE 5_3 7.9 2.7 344 * 540 76 

WEEE 6_1 8.1 0.9 166 * 621 
 

WEEE 6_2 8.0 0.9 160 * 594 
 

WEEE 6_3 8.0 0.7 153 * 535 59 

VF 3_over 8.0 2.8 1623 572 
 

VF 3_under 8.2 3.2 2292 570 
 

Comb 1_over 8.0 4.5 4207 572 
 

Comb 1_under 7.9 4.5 4352 570 
 

Blank 1 5.1 too low 9 613 
 

Blank 2 4.2 too low 3 596 
 

Blank 3 5.0 too low 3 681 
 

Blank 4 4.7 0.1 3 592 
 

Blank 5 4.6 0.1 4 574 
 

Blank 6 5.1 0.1 4 563 
 

* Leachate samples measured diluted with distilled water 

       **Redox values measured at 20C. Values are corrected according to the standard  

          hydrogen electrode (SHE) (20C: +210 mV) 
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D. Geochemical modeling 

D.a. Metal speciation 

Results of geochemical modeling for species distribution of metals in the leachate liquid from 

vehicle fluff, combustibles and waste electronics are presented in Table 18 and Table 19.  

Table 18: Results of geochemical modeling in Visual minteQ for vehicle fluff (VF) and combustable (Comb) waste 

fraction leachates. Values represent relative species distribution of total leachate metal, given in %. Carboxylic, 

phenolic and weak electrostatic species represent organic complexes. 

Element Speciation VF 1 VF 2 VF 3 VF 4 Comb 1 Comb 2 

Cu Carboxylic 2.4 10.4 1.7 4.4 0.9 1.4 

 Phenolic 97.6 89.6 98.3 95.6 99.1 98.6 

 Weak electrostatic 
      

 Inorganic 
   

0.02 
  

 Free ions 
      

Pb Carboxylic 1.3 2.2 1.6 1.3 1.4 2.1 

 Phenolic 98.7 97.7 98.4 98.6 98.6 97.9 

 Weak electrostatic 
      

 Inorganic 
 

0.01 
 

0.04 
  

 Free ions 
      

Cd Carboxylic 75.8 93.3 70.3 80.8 60.5 74.6 

 Phenolic 19.8 4.9 28.9 15.5 37.6 24.7 

 Weak electrostatic 0.2 0.8 0.1 0.3 0.03 0.03 

 Inorganic 1.7 0.3 0.3 0.8 0.9 0.3 

 Free ions 2.5 0.7 0.4 2.6 1.0 0.4 

Zn Carboxylic 1.2 1.8 2.6 0.9 1.4 2.4 

 Phenolic 0.5 0.2 1.2 0.3 0.8 0.6 

 Weak electrostatic 3.5 44.7 9.6 6.0 1.4 4.3 

 Inorganic 46.7 15.8 43.5 35.2 47.8 39.9 

 Free ions 48.1 37.6 43.0 57.6 48.6 52.8 

Ionic strength (mol L-1) 0.029 0.003 0.003 0.003 
 

0.008 

Charge difference % 0.6 9.1 47.5 14.9 
 

11.4 
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Table 19: Results of geochemical modeling in Visual minteQ for waste electric and electronic equipment (WEEE) 

fraction leachates. Values represent relative species distribution of total leachate metal, given in %. Carboxylic, 

phenolic and weak electrostatic species represent organic complexes. 

Element Speciation WEEE 1 WEEE 2 WEEE 3 WEEE 4 WEEE 5 WEEE 6 

Cu Carboxylic 0.1 81.0 0.4 87.2 1.1 11.2 
 

Phenolic 99.9 1.1 99.6 12.7 98.9 88.8 
 

Weak electrostatic 
 

17.9 
 

0.1 
  

 
Inorganic 

     
0.01 

 
Free ions 

      

Pb Carboxylic 0.6 36.2 1.2 30.1 1.9 1.6 
 

Phenolic 99.4 42.1 98.8 69.5 98.1 98.4 
 

Weak electrostatic 
 

21.7 
 

0.4 
  

 
Inorganic 

    
0.02 0.04 

 
Free ions 

      

Cd Carboxylic 14.1 70.2 23.9 94.5 86.2 90.5 
 

Phenolic 85.9 0.04 76.1 0.2 6.7 5.5 
 

Weak electrostatic 
 

29.7 
 

5.3 1.2 1.6 
 

Inorganic 
    

1.0 0.2 
 

Free ions 
    

4.8 2.2 

Zn Carboxylic 4.0 0.2 10.1 6.3 1.1 2.4 
 

Phenolic 5.9 
 

8.7 0.04 0.2 0.3 
 

Weak electrostatic 5.0 99.8 11.4 93.7 14.4 34.9 
 

Inorganic 77.9 
 

53.9 93.7 27.8 13.3 
 

Free ions 7.2 
 

16.0 
 

56.4 49.1 

Ionic strength (mol L-1) 0.024 0.058 0.060 0.008 0.005 0.002 

Charge difference % 4.0 8.2 7.7 5.2 0.1 8.6 
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D.b. Saturation 

Results of geochemical modeling for saturation of metal species at 100 and 1 % DOC content 

is listed in Table 20, Table 21 and Table 22. 

Table 20: Results of geochemical modeling for Saturation indexes (SI) of metal species in leachate liquids at 100% 

dissolved organic carbon (DOC) content. VF, Comb and WEEE represent vehicle fluff, combustible and waste 

electronic waste fractions, respectively. 

Sample ID Hydrozincite 

 

Zn5(CO3)2(OH)6 

Smithsonite 

 

ZnCO3 

Zinc Carbonate 

Hydrate 

ZnCO3:H2O 

Zinc Phosphate 

Tetrahydrate 

Zn3(PO4)2:4H2O 

VF 1 0.58 0.28 -0.37 -2.28 

VF 2 5.40 1.33 0.69 2.56 

VF 3 1.88 0.41 -0.23 -23.18 

VF 4 1.87 0.46 -0.18 -22.41 

Comb 1 -4.82 -0.71 -1.35 -27.37 

Comb 2 -4.17 -0.24 -0.88 -25.86 

WEEE 1 -6.96 -2.05 -2.69 -8.43 

WEEE 2 -21.78 -4.04 -4.68 -13.47 

WEEE 3 -9.79 -2.41 -3.05 -9.26 

WEEE 4 -25.87 -6.40 -7.04 -21.70 

WEEE 5 3.20 0.81 0.17 -1.00 

WEEE 6 -1.01 -0.32 -0.96 -2.74 
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Table 21: Results of geochemical modeling for oversaturated metal species in vehicle fluff (VF) and combustable 

(Comb) waste fraction leachate liquids at 1% dissolved organic carbon (DOC) content. 

Mineral Formula VF 1 VF 2 VF 3 VF 4 Comb 1 Comb 2 

Tenorite CuO 0.66 0.62 0.89 0.64 
  

Copper(II)hydroxide Cu(OH)2 
      

Atacamite Cu2Cl(OH)3  
     

Malachite Cu2CO3(OH)2 1.27 1.33 1.51 1.11 
  

Azurite Cu3(CO3)2(OH)2 0.70 0.85 0.95 0.40 
  

Copper(II)carbonate CuCO3 
      

Brochantite Cu4SO4(OH)6  
 

0.11 
   

Langite Cu4(SO4)(OH)6:2H2O  
     

Antlerite Cu3(SO4)(OH)4  
     

Tsumebite Pb2Cu(PO4)(SO4)OH   
    

Lead(II)hydroxide Pb(OH)2 
      

Hydrocerrusite Pb3(CO3)2(OH)2  
     

Cerrusite PbCO3 
      

Hydroxylpyro 

morphite 

Pb5(PO4)3OH  0.75 
    

Lead Phosphate Pb3(PO4)2  
     

Chloropyro morphite Pb5(PO4)3Cl  11.92 
    

Zincite ZnO 
 

0.12 
    

Hydrozincite Zn5(CO3)2(OH)6 0.70 6.71 2.18 2.01 
  

Smithsonite Zn3CO3 0.30 1.58 0.47 0.49 
  

Zinc Carbonate 

Hydrate 

ZnCO3:1H2O  0.94 
    

Zinc Phosphate 

Tetrahydrate 

Zn3(PO4)2:4H2O  3.22 
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Table 22: Results of geochemical modeling for oversaturated metal species in waste electric and electronic 

equipment (WEEE) fraction leachate liquids at 1% dissolved organic carbon (DOC) content. 

Mineral Formula WEEE 

1 

WEEE 

2 

WEEE 

3 

WEEE 

4 

WEEE 

5 

WEEE 

6 

Tenorite CuO 
 

1.86 
 

2.07 
 

1.18 

Copper(II)hydroxide Cu(OH)2 
 

0.21 
 

0.42 
  

Atacamite Cu2Cl(OH)3 
 

0.10 
    

Malachite Cu2CO3(OH)2 
 

3.90 
 

1.71 
 

1.84 

Azurite Cu3(CO3)2(OH)2 
 

4.76 
 

0.18 
 

1.33 

Copper(II)carbonate CuCO3 
 

0.43 
    

Brochantite Cu4SO4(OH)6 
 

3.40 
 

0.65 
 

0.30 

Langite Cu4(SO4)(OH)6:2H2O 
 

1.13 
    

Antlerite Cu3(SO4)(OH)4 
 

0.33 
    

Tsumebite Pb2Cu(PO4)(SO4)OH 
 

0.21 
   

2.02 

Lead(II)hydroxide Pb(OH)2 
   

0.14 
 

0.64 

Hydrocerrusite Pb3(CO3)2(OH)2 
     

2.61 

Cerrusite PbCO3 
     

0.73 

Hydroxylpyro 

morphite 

Pb5(PO4)3OH 
     

4.22 

Lead Phosphate Pb3(PO4)2 
     

1.55 

Chloropyro morphite Pb5(PO4)3Cl 
 

8.76 
  

0.22 14.19 

Zincite ZnO 
      

Hydrozincite Zn5(CO3)2(OH)6 
 

1.25 
  

3.53 
 

Smithsonite Zn3CO3 
 

0.55 
  

0.87 
 

Zinc Carbonate 

Hydrate 

ZnCO3:1H2O 
    

0.23 
 

Zinc Phosphate 

Tetrahydrate 

Zn3(PO4)2:4H2O 
 

0.19 
    

 

 

 

 

  



123 

 

D.c. Variation in DOC content 

Results of organic speciation in geochemical modeling with declining dissolved organic 

carbon concentrations is listed in Table 23, Table 24 and Table 25. 

Table 23: Results of geochemical modeling for declining concentrations of dissolved organic carbon in vehicle 

fluff waste fractions, given as average, maximum and minimum calculated species distributions of organic carbon. 

Element Value 100 % 80 % 60 % 40 % 20 % 10 % 5 % 1 % 

Cu Average 100 100 100 99.9 99.3 95.3 81.2 26.8 
 

Maximum 100 100 100 100 99.9 99.4 95.7 40.6 
 

Minimum 100 100 99.9 99.7 98.1 88.5 63.2 15.8 

Pb Average 100 100 100 99.9 99.8 99.2 97.7 80.4 
 

Maximum 100 100 100 100 100 99.9 99.8 97.6 
 

Minimum 99.9 99.9 99.9 99.8 99.4 98.1 94.3 62.0 

Cd Average 97.7 96.7 94.9 90.9 79.1 61.0 40.6 10.4 
 

Maximum 99.3 99.0 98.4 96.9 91.4 79.1 59.3 17.4 
 

Minimum 95.8 94.1 91.2 85.0 68.2 46.8 27.8 6.3 

Zn Average 18.1 14.3 10.5 6.9 3.4 1.7 0.8 0.2 
 

Maximum 46.6 36.6 26.8 17.4 8.5 4.2 2.0 0.4 
 

Minimum 5.1 4.1 3.1 2.0 1.0 0.5 0.2 0.03 
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Table 24: Results of geochemical modeling for declining concentrations of dissolved organic carbon in 

combustible waste fractions, given as average, maximum and minimum calculated species distributions of organic 

carbon. 

Element Value 100 % 80 % 60 % 40 % 20 % 10 % 5 % 1 % 

Cu Average 100 100 100 100 100 99.9 99.2 75.7 
 

Maximum 100 100 100 100 100 100 99.9 91.6 
 

Minimum 100 100 100 100 100 99.8 98.5 59.7 

Pb Average 100 100 100 100 99.9 99.8 99.4 93.2 
 

Maximum 100 100 100 100 99.9 99.8 99.4 93.2 
 

Minimum 100 100 100 100 99.9 99.8 99.3 93.2 

Cd Average 98.7 98.2 97.1 94.7 86.6 71.8 52.3 15.7 
 

Maximum 99.4 99.1 98.5 97.3 92.6 82.0 64.2 21.3 
 

Minimum 98.1 97.2 95.7 92.1 80.6 61.6 40.4 10.1 

Zn Average 5.5 4.4 3.3 2.2 1.1 0.6 0.3 0.0 
 

Maximum 7.3 5.9 4.4 3.0 1.5 0.7 0.4 0.1 
 

Minimum 3.6 2.9 2.2 1.5 0.7 0.4 0.2 0.03 

 

Table 25: Results of geochemical modeling for declining concentrations of dissolved organic carbon in waste 

electric and electronic equipment fractions, given as average, maximum and minimum calculated species 

distributions of organic carbon. 

Element Value 100 % 80 % 60 % 40 % 20 % 10 % 5 % 1 % 

Cu Average 100 100 99.9 99.7 97.8 90.3 77.8 55.8 
 

Maximum 100 100 100 100 100 100 100 99.7 
 

Minimum 99.9 99.8 99.7 99.3 92.4 67.3 39.0 8.3 

Pb Average 99.8 99.7 99.6 99.2 98.1 95.9 91.1 67.6 
 

Maximum 100 100 100 100 100 99.9 99.8 97.2 
 

Minimum 98.9 98.5 97.8 96.3 91.8 83.8 71.1 31.2 

Cd Average 95.7 94.3 92.2 86.7 79.1 70.2 60.5 37.5 
 

Maximum 100 100 100 100 99.9 99.5 98.4 79.4 
 

Minimum 76.7 69.4 59.3 45.1 25.7 13.6 6.9 1.4 

Zn Average 61.0 57.1 52.7 33.3 17.2 8.7 4.3 0.8 
 

Maximum 100 100 99.8 79.8 36.4 19.3 10.1 2.0 
 

Minimum 30.2 23.7 17.5 11.5 5.7 2.8 1.4 0.3 
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E. Total metal content by acid digestion 

Total content of Cu, Pb, Cd and Zn in waste fractions using HNO3 acid is listed in Table 26. 

Table 26: Result of acid digestion using HNO3 on waste fractions. VF, Comb and WEEE represent vehicle fluff, 

combustibles and waste electronics, respectively. Values for Cu, Pb and Zn in g kg-1, values for Cd in mg kg-1. 

Sample ID Cu  

(g kg-1 DW) 

Pb 

(g kg-1 DW) 

Cd 

(mg kg-1 DW) 

Zn 

(g kg-1 DW) 

VF 1 8.2 3.9 67.6 37.9 

VF 2 21 0.5 11 6.3 

VF 3_1 16.2 0.70 19.3 26.4 

VF 3_2 0.44 0.18 4.4 9 

VF 3_3 0.59 0.36 28 14 

VF 3_4 0.42 0.21 4.9 14 

VF 4_1 0.97 1.31 12.1 6.7 

VF 4_2 0.69 0.75 9.5 4.6 

VF 4_3 1.2 0.81 16 4.6 

VF 4_4 0.64 0.75 8 4.9 

Comb 1 0.014 0.002 0.101 0.055 

Comb 2 0.005 0.014 1.41 6.05 

WEEE 1 44 2.2 1.1 4.5 

WEEE 2 28 0.39 0.31 0.52 

WEEE 3_1 17 1.3 0.36 1.8 

WEEE 3_2 3.3 1.2 0.37 1.5 

WEEE 3_3 3.2 1.5 0.36 1.1 

WEEE 3_4 14 2.1 0.4 2 

WEEE 4_1 124 2.6 83 8.5 

WEEE 4_2 110 4.1 80 7.5 

WEEE 4_3 260 2.9 69 7.1 

WEEE 4_4 140 2.8 78 23 

WEEE 5_1 412 1.1 21 8.5 

WEEE 5_2 150 2.8 20 0.62 

WEEE 5_3 150 17 86 1.5 

WEEE 5_4 160 2.3 83 1.5 

WEEE 6 263 7.1 41 3.2 
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F. Heavy metal release in literature 

Total content, acid assisted release and distilled water release values for Cu, Pb, Cd and Zn 

found in literature studies are listed in Table 27, Table 28 and Table 29. Values in literature 

given in mg L-1 are calculated to mg kg-1 using liquid to solid ratios. 

Table 27: Total metal content analysis results from various sources, using XRD or strong acid leachates. 

Source Waste type Cu (mg kg-1) Pb (mg kg-1) Cd (mg kg-1) Zn (mg kg-1) 

(Gonzalez-Fernandez 

et al., 2008) 

Vehicle fluff 2522 6500 
 

9858 

(Götze et al., 2016) combustibles 33.6 53.8 1.0 230.0 

(Götze et al., 2016) plastics 54.2 98.2 3.8 258.7 

(Bode et al., 1990) plastics 2.37 14.88 2.01 10.49 

(Zhou et al., 2013) Waste 

electronics 

221667 21000 100 12200 

(Li et al., 2006) Waste 

electronics 

 
9260.52 6.59 

 

(Bode et al., 1990) leather, 

rubber 

0.36 5.15 0.23 32.35 

(Bode et al., 1990) wood 0.15 0.57 0.01 2.78 

 

 

Table 28: Acid assisted metal leaching analysis results from various sources. 

Source Waste type Cu (mg kg-1) Pb (mg kg-1) Cd (mg kg-1) Zn (mg kg-1) 

(Gonzalez-Fernandez 

et al., 2008) 

Vehicle fluff 33.54 29.42 4.94 2454.67 

(Kurose et al., 2006) Vehicle fluff 
 

12.7 14.2 
 

(Singh and Lee, 2015) Vehicle fluff 3128.8 442 43.4 1964.8 

(Joung et al., 2007) Vehicle fluff 1.38 9.12 
  

(Joung et al., 2007) Vehicle fluff 8.88 11.42 
  

(Zhou et al., 2013) Waste 

electronics 

172.00 124 0.16 30 
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Table 29: Pure distilled water leaching analysis results from various sources. 

Source Waste type Cu (mg kg-1) Pb (mg kg-1) Cd (mg kg-1) Zn (mg kg-1) 

(Gonzalez-Fernandez 

et al., 2008) 

Vehicle fluff 
   

1.95 

(Cossu and Lai, 2013) Vehicle fluff 0.26 0.32 0.02 10.38 

(Cossu and Lai, 2013) Vehicle fluff 0.71 0.13 0.01 2.45 

(Ferella et al., 2015) Vehicle fluff 2 1 
 

1 

(Wuhib, 2015) Waste 

electronics 

<0.3 5 1.2 28 

(Oguchi, Sakanakura 

and Terazono, 2013) 

WEEE 
 

8.5 
  

 

 

  



128 

 

G. Equipment 

The equipment used while handling leachate liquids and their materials are listed in Table 30. 

Table 30: List of equipment used and their materials. 

Equipment Model Material Source 

Sieve 4mm Retsch Test sieve s-steel Stainless steel (Retsch, 2015) 

Grinder Brewferm premium 

maltmill 

Tinned cast iron (Brouwland bvba, 2014) 

Shaker Heidolph Reax 2 incl. 

adaptor 

 (Heidolph, 2019) 

pH & alkalinity 

meter 

Metrohm 702 Titrino   

Stirrer Metrohm 728 Stirrer   

Conductivity 

meter 

WTW LF538   

Redox potential 

meter 

WTW 330i   

Scale Mettler AE240   

Scale Mettler Toledo Pb3002 

Deltarange 

  

15 ml tube VWR 525-0604 Polypropylene (VWR, 2015) 

50 ml tube VWR 525-0155P Polypropylene (VWR, 2016) 

Plastic spoon Staples WW-127046 Polystyrene (Staples, no date) 

Plastic tube Biltema 15-330 Ethylene-vinyl acetate 

copolymers (EVA) 

(Biltema, 2018) 

Syringe 60 ml HSW Soft-ject 50ml 

8300006681 

Polypropyene and 

polyisoprene rubber 

(Lab Logistics Group, 

no date) 

Syringe 100 ml BD PlastipakTM BD 

300605 

Polypropylene (BD Plastipak, 2016) 

Filter Dispolab 0,45 µm Polyethersulfone (PES) (Dispolab, no date) 

 

 


