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ABSTRACT

Resource security has attracted increasing attention globally due to the growing
demand for use in a wide range of products. Municipal solid waste landfills and
leachate are significant untapped resources that can contribute to a sustainable
and secure supply of raw materials. Recent studies reported heavy metals (HM)
and rare earth elements within the waste mass buried in landfills that can
theoretically be recovered and reintroduced within the material loop of the circular
economy framework. However, metal recovery only cannot be visible
economically due to its low concentration. Therefore, research is required to

understand how metals can be effectively mobilised.

This research is carried out to develop a methodology to demonstrate the metals
in landfill leachate as a potential secondary source. The batch and column
percolation tests are performed to establish the relationship between metals
recovery rate and other parameters. This PhD project investigates the influence
of factors to increase metal mobility. Firstly, pH value and depth effect on metal
release were analysed. The pH value plays a critical role to increase metal
recovery rate; however, no significant correlation between depth and metal
release was observed. As the analysis shows that metal release is highly
increased in acidic conditions, column percolation was conducted at the optimise
pH values with leachate recirculation. Leachate recirculation accelerates the
degradation of organic waste, consequently enhancing the hydrolysis rate that
may reduce the pH value. Lastly, different humic concentration on the metal(loid)s

release from landfill leachate was investigated.

This thesis presents a high potential to help evaluate the environmental impact
to control the pollution and recover metal(loid)s.

Keywords: Landfill, metal recovery, humic acid, leachate recirculation, pH,

circular economy, sustainability
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1 INTRODUCTION

This chapter provides a brief background on the topics that lead to the beginning

of the research project, the research aim and objectives.

1.1 Background

The use of critical raw materials, including rare earth elements, heavy metals from
natural sources, are inherently unsustainable as mining depletes finite resources
(National Research Council, 1996). However, the continued availability of
minerals is vital to sustaining industrial growth and socio-economic welfare (Mitra,
2019). Currently, the global demand for metals continues to increase even though
the available amount of metals on Earth is limited (DEFRA and BIS, 2012; Rotzer
and Schmidt, 2018). Thus, securing a sustainable metals supply and ensuring
their circular use in the economy is essential at the EU level and beyond
(Coulomb et al., 2015; Vidal-Legaz et al., 2016; Blengini et al., 2017). Valuable
secondary raw materials formerly discarded as waste exist within closed landfill
sites. Landfills are indeed emerging as a potential source of such materials
(Krook et al., 2018). In the past, the disposal of electronics waste was largely
unregulated. It allowed society to discard a significant source of scarce and
valuable metals in landfills before the hazardous waste treatment legislation and
the Waste and Electronic Equipment (WEEE) Directive being established in 2002
(EC, 2003) (Stewart, 2010). Therefore, many waste products containing valuable
metals were disposed of in landfills before the implementation of the EU Landfill
Directive 1999/31/EC (European Parliament. Council of the European Union,
1999) and EU WEEE Directive (European Parliament. Council of the European
Union, 2003), which have since been repealed into the 2006 EU Waste
Framework Directive 2006/12/EC (European Parliament. Council of the
European Union, 2006). There are around 20,000 closed landfill sites in the
United Kingdom (UK) alone and over 150,000 within the European Union (EU)
(EURELCO, 2017). There is, therefore, a significant opportunity across Europe
and the UK to recover value from landfill sites, as they would have since evolved
into localised long-term storage of secondary raw materials or metal mines.

Recent studies and reviews on the role of enhanced landfill mining have



highlighted the potential of a new supply for declining raw resources, including
critical raw material and metals, which are found frequently in the electronic
product (Somani et al., 2018; Esguerra et al., 2019; Parrodi et al., 2019; Wagland
et al., 2019). Once metal-containing wastes are placed in the landfill, the mobility
of metals will be limited by several attenuating mechanisms such as cation
exchange, chelation with solid organic material, and precipitation (Jain et al.,
2005). Therefore, to recover a large amount of much-needed metals
economically within landfills, it is necessary to understand the mobility of metals.

In general, it is challenging to recover metals from landfills using leachate
because of the neutral-alkaline pH values of leachate. Metals are more likely to
mobilise in acidic conditions (Iskander et al., 2016). Recovering metals from
landfill sites through ex-situ (excavation) processes is difficult to justify financially
(Gutiérrez-Gutiérrez et al., 2015; He and Kappler, 2017). Nevertheless,
recovering metals from landfills is a potentially effective solution that can alleviate

the disparity between supply and demand in the depletion of metals.

Every change in environmental conditions and waste, such as pH value, waste
composition, especially organic matter content etc., results in changes to the
mobility of metals and, thereby, in their recovery rate. Thus, to recovery a large
amount of much-needed metals economically within landfills, it is necessary to

understand the mobility of metals.

To date, there is still limited scientific understanding of organometallic
interactions and metal mobility in landfills. Therefore, in this study, the main
research purpose is to investigate the factors affecting metal mobility and identify

recirculation and organic matter influence metal mobility and recovery.

1.2 Research aim and objectives

The aim of this research was to provide a mechanistic understanding of the
biochemical and organometallic processes contributing to metal mobility in landfill
environments. In order to achieve this, the following objectives have been
identified:



1. Critically review the literature on the mobility of metals and organic
compounds in landfill environments and the factors affecting metal
mobility.

2. Assess the influence of depth, percentage of organic and pH to find the
optimise condition on the leachability of metals and metalloids using the
batch test of statical condition.

3. Apply optimise conditions to recover metals in landfill leachate

4. Evaluate the recirculation effects on metal release and metal recovery rate

5. Perform and assess the effects of humic acid and recirculation cycle on

recovered metals.
The following hypotheses formulated

“Metal content in leachate is indirectly proportional to the COD, VFA
content and pH. Decrease of pH will increase COD and metals content in

the leachate of aged landfill sites.”



2 Recovering metal(loids) and rare earth elements from
closed landfill sites without excavation: leachate
recirculation opportunities and challenges

This chapter critically reviews the literature on the factors affect metals mobility
in landfill environments and the possibility of recovering metals in landfill leachate
through leachate recirculation. It has been published in Chemosphere (see

Appendix D)

2.1 Introduction

Metals, metalloids and REE, collectively termed ‘metals’, are finite natural
resources with increasing demand. It is vital to find alternative sources to ensure
supplies of these metals, especially for new technologies such as electric
vehicles, renewable energy generation and battery storage (Jowitt et al., 2020).
Several recent studies reported that a worthwhile amount of valuable secondary
raw materials is available within closed landfill sites (Gutiérrez-Gutiérrez et al.,
2015; Dino et al., 2017; Krook et al., 2018; Sarkka et al., 2018; Esguerra et al.,
2019; Parrodi et al., 2019; Wagland et al., 2019). There are around 21,000 closed
landfill sites across England and Wales (DEFRA, 2021; ENDS Report, 2021) and
somewhere between 150,000 and 500,000 landfill sites within Europe, with an
estimated 90% of them being non-sanitary (Jones et al., 2018). Closed landfills
represent a significant opportunity across Europe and the UK to recover value
from waste materials as they provide a previously unconsidered localised long-
term storage deposit of secondary raw materials similar to traditional metal
mineral resources. Enhanced Landfill Mining (ELFM) address the combined and
integrated valorisation of distinct landfilled urban waste streams as both materials
(Waste-to-Materials, WtM) and energy (Waste-to-Energy, WtE) while meeting the
most stringent ecological and social criteria (Jones et al., 2013). ELFM provides
an opportunity for combined resource recovery and reclamation of land while
mitigating future environmental liabilities and remediation costs through
excavation innovative transformation technologies (Jones et al., 2013; Esguerra
et al., 2021; Vollprecht et al., 2021). However, existing technologies and good

practices are unable to demonstrate the economic viability of such schemes. This



is partly because mining processes for recovering material result in high capital
costs. There are also important uncertainties about the actual abundance and
concentration of suitable waste materials in landfill environments, which need to

be known early on in the lifecycle of a metal’s recovery project.

Two essential by-products of waste disposal by landfills are leachate and landfill
gas. The former is formed when rainwater infiltrates and percolates through the
degrading waste, the latter by microbial degradation of biodegradable waste
materials under anaerobic conditions (Chu, 2008). Effective treatment methods
are required as leachate contains trace chemicals, contaminating groundwater,
surface water and soil, potentially polluting the environment and harming human
health (Brennan et al., 2016). However, ambitions for the landfill management
should go beyond protecting human health and the environment, with
conservation of energy and recovery of natural resources high on the agenda.
Landfill leachate comprises recoverable metals, organics, phosphorus, ammonia,
and water (Iskander et al., 2017; Kurinawan et al., 2021). The presence of
recoverable metals means that landfill leachate can be of great importance as an
alternative to conventional mineral exploration as the sediment of the leachate
showed presence of REEs content was more than twice the content in landfilled
waste (Gutiérrez-Gutiérrez et al., 2015), but also it can negate the need for full-

scale landfill mining.

There are four objectives of this review paper: i) to give an overview of the
properties and metals content in landfill leachate to gain insight into the
opportunities for metal recovery from leachate; ii) to explore the knowledge on
various factors affecting metals solubility; iii)) to evaluate the efficiency of
recirculation for increasing metal recovery rates and; iv) to discuss the
opportunities for metal recovery from leachate, analyse the challenges
associated with the recovery, and present the perspectives for future research
and technology development to maximise the benefits of metals recovery from
closed landfill leachate.



2.2 Landfill leachate properties and metal content

Leachate can be formed as a result of chemical and biochemical processes within
the landfill. There is nonuniform and intermittent percolation of moisture through
the solid waste in the landfill due to leachate generation (Hughes et al., 2013;
Edokpayi et al., 2018). Several factors influence leachate composition, such as
the age of landfill, depth of the waste in the landfill, location of the site, and
weather condition of the landfill site; another critical factor affecting leachate
composition is the composition of the waste deposited in the landfill (Jang and
Townsend, 2003; KalCikova et al., 2011; Moody et al., 2017). Generally, the
waste composition is categorised as organic (food and garden waste), paper,
plastic, glass, metals, etc. Table 2.1 shows the composition of global waste.
Waste comes in many different forms, and sources of waste can be broadly
classified into four types: industrial, commercial, domestic and agricultural waste.
According to waste types, there are four standard landfill types: municipal solid,
industrial, residual and hazardous landfill (Hockstad and Hanel, 2018).

Table 2.1. Waste composition range

Component Range (%) References
Organic waste 15-58
Paper and cardboard 16-27
Glass 2-4.5
Plastic 9-20 Tapia, 2009; European Commission, 2016; Abdel-
Shafy and Mansour, 2018; Kaza et al., 2018
Wood 3-7
Metal 3-9.2
Textile 3-9
Rest 3-18

Metals play an essential part in modern societies and have been linked with
industrial development and improved living standards. Surface engineering and
related industrial sectors, such as automotive, printed circuit board and
aerospace, produce waste streams that contain high concentration metals (Ebin
et al., 2019). Therefore, there is an opportunity to recover metals from industrial
waste. The waste can instead be perceived as a raw material for resource

recovery. Agriculture wastes may have substantial quantities of organic carbon,



which can be recovered for energy generation. A wide variety of metal contents

is collected into the leachate as it drains through the pile of waste in the landfill

(Eggen et al., 2010; Edokpayi et al., 2018). Leachate is also rich in ammonia and

inorganic components such as iron, chlorine, sulphate, and metals (Oman and

Junestedt, 2008). Inorganic compounds may consist of potentially harmful

elements such as Pb, Hg, and As in pure form or combined with other elements

(Jan et al., 2015). As leachate contains a wide range of metals, it can be

considered a great potential for metal recovery. However, there are also

challenges associated with the method to meet the need for sustainable leachate

management that maximises valuable metal recovery. The key challenge on

metal recovery from leachate is the low concentration of metals which is often

affected by landfill age and type (Table 2.2).

Table 2.2. The concentration range of chemical constituents of landfill

determined from available literature

leachate

Concentration

Concentration

References Parameter References Parameter
range (mg/l) range (mg/l)
Kjeldsen et al., 2002 Alkalinity (as CaCO3) 0-20,850 Kjeldsen et al., 2002 Nitrogen (Ammonia) 0-1,250
Kjeldsen et al., 2002 Aluminium 0-2 Kjeldsen et al., 2002 Nitrogen (Nitrate) 0-9.8
Christensen et al., Antimony 0-3.19 Christensen et al., Nitrogen (Nitrite) 0-1.46
2001 2001
Christensen et al., Arsenic 0-0.04 Christensen et al., Nitrogen (Organic) 0-1,000
2001 2001
Christensen et al., Barium 0-2 Christensen et al., Nitrogen (Total 1-100
2001 2001 Kjeldahl)
Christensen et al., Beryllium 0-0.36 Christensen et al., Nickel 0-7.5
2001 2001
Akinbile et al., 2012 BOD5 0-4,000 Akinbile et al., 2012 Phenol 0.17-6.6
Kjeldsen et al., 2002 Boron 0.5-10 Kjeldsen et al., 2002 Phosphorus (Total) 0-234
Christensen et al., Cadmium 0-0.01 Christensen et al., Phosphate 1-10
2001 2001
Adamcova et al., Calcium 100-1,000 Adamcova et al., pH 4.5-9
2016 2016
Akinbile et al., 2012 Chloride 20-2,500 Akinbile et al., 2012 Potassium 0.16-3,370
Adamcova et al., Chromium 0-0.05 Adamcova et al., Selenium 0-1.85
2016 2016
Kjeldsen et al., 2002 Cobalt 0-7.58 Kjeldsen et al., 2002 Silicon 0-12
Christensen et al., COD 150-6,000 Christensen et al., Silver 0-1.96
2001 2001
Kjeldsen et al., 2002 Conductivity 480-72,500 Kjeldsen et al., 2002 Sodium 0-8,000
(umho/cm)
Adamcova et al., Copper 0-9.9 Adamcova et al., Thallium 0-0.32
2016 2016
Adamcova et al., Cyanide 0-6 Adamcova et al., Tin 0-0.16

2016

2016




Akinbile et al., 2012 Fluoride 0.1-1.3 Akinbile et al., 2012 TDS 0-42,300
Christensen et al., Hardness (as 400-2,000 Christensen et al., Titanium 0-1.5
2001 CaCO03) 2001
Kjeldsen et al., 2002 Iron 0-5,500 Kjeldsen et al., 2002 TSS 140,900
Adamcova et al., Lead 0-5 Adamcova et al., TOC 335,000
2016 2016
Akinbile et al., 2012 Magnesium 16.5-15,600 Akinbile et al., 2012 TVA (as Acetic acid) 0-19,000
Adamcova et al., Manganese 0.05-1,400 Adamcova et al., Turbidity 40-500
2016 2016
Adamcova et al., Mercury 0-3 Adamcova et al., Sulphate 0-300
2016 2016
Christensen et al., Organic halides 0.32-35 Christensen et al., Zinc 0-1,000
2001 2001
Christensen et al., Benzene 0.1-0.6 Christensen et al., Phenols 0-4
2001 2001
Akinbile et al., 2012 Ethylbenzene 0-4.9 Akinbile et al., 2012 Toluene 0-3.2

Note: The grey shaded cell indicates metals and metalloids

The leachate produced in young landfills (< 5 years old) contains a substantial
number of organic compounds derived from biodegradable organic water
materials, which undergoes rapid anaerobic fermentation within confined landfills.
As a result, volatile fatty acids (VFAs) are produced, e.g. acetic, propionic, iso-
butyric, n-butyric, iso-valeric, and n-valeric acid. It is very well known that organic
acids, such as VFAs, may play an essential role in the mobilisation of metals
through either the formation of soluble ligand: metal complexes or a decrease of
pH (Molaey et al., 2021). Thus, VFAs are considered valuable substrates for
metal dissolution, increasing the release of metals in landfill environments. Young
leachate is characteristic of its high content of biodegradable organic matter. BOD
(Biochemical oxygen demand), COD (Chemical oxygen demand), and BOD/COD
ratio act as indicators of microbial activities and organic pollution. BOD/COD
describes the biodegradability level of materials by which organic matter
containing leachate is readily broken down in the environment (Samudro and
Mangkoedihardjo, 2010). Therefore, young leachate shows a high BOD/COD

indicator.

As landfill age increases, the BOD/COD ratio in leachate decreases (Table 2.3).
This is due to the decomposition of the majority of biodegradable compounds and
small quantity changes of less degradable organic matter at the same time that

acidic conditions begin neutralise (Talalaj, 2015). As a consequence, the higher



pH condition results in decreasing metal release by complexation and
precipitation (Zhang et al., 2018). Older leachate from the methanogenic phase
is partially characterised by the lower concentration of VFAs. As the content of
VFAs and other readily biodegradable organic compounds in the leachate
decreases, the organic matter (OM) in the leachate becomes dominated by
refractory compounds, such as humic acid (HA) and fulvic acid (FA), which are
known to bind metals to their hydroxyl and carboxyl groups, and either mobilise
metals or delay their release (Leung and Kimaro, 1997; Bozkurt et al., 2000;
Kochany and Smith, 2001; Klavinsa et al., 2006; Gutiérrez-Gutiérrez et al., 2015).
The humic substances (HS) give a dark colour with increasing pH due to the
dissociation of protons (Stevenson, 1994). The decrease in VFAs increases pH;
consequently, metals have a relatively low concentration in older landfill leachate

as the solubility of metals is decreased with increasing pH.

Table 2.3. Selected characteristics of leachate according to landfill age

Parameter Young Intermediate Old References
Age (years) <5 5-10 >10 Renou et al., 2008
pH <6.5 6.5-7.5 >7.5 Bhalla et al., 2013
COD (mg/L) >10,000 4,000-10,000 <4,000 Bhalla et al., 2013
Abbas et al., 2009;
TOC/COD <0.3 0.3-0.5 >0.5 Zhou et al.. 2010
BODs/COD >0.3 0.1-0.3 <0.1 Bhalla et al., 2013
Oraanic 5-30% VFA + Humic and Bhalla et al., 2013
g 80% VFA humic and fulvic nic a
compounds . fulvic acids
acids
Heavy metals Low medium Low <2 Very low <2 Renou et al., 2008
(mg/l) >2
Over a broad N/A Over a narrow Abbas et al., 2009;
. range-high range-high Zhou et al., 2010
Molecular size : : .
A fraction of low fraction of high
distribution
molecular molecular
weight organics weight organics
Biodegradability Important Medium Low Bhalla et al., 2013

2.3 Physico-chemical factors affecting metals solubility

Several factors affect metals solubility within solid waste deposits (Fig 2.1).
Important processes include abiotic redox processes, dissolution/precipitation of
minerals, sorption, ion exchange, organic matter biodegradation, and



https://www.sciencedirect.com/science/article/pii/S0956053X15003190#b0220
https://www.sciencedirect.com/science/article/pii/S0956053X15003190#b0025
https://www.sciencedirect.com/science/article/pii/S0956053X15003190#b0205
https://www.sciencedirect.com/science/article/pii/S0956053X15003190#b0200

complexation. The resulting matrix redox changes strongly influence both the
inorganic and organic biogeochemistry of the landfill and therefore influencing the
behaviour and fate of metals within landfills (Christensen et al., 2001). Gaining
insights into the geochemistry of landfill is therefore needed to better understand

the solubility of metals and predict metals recovery.
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Figure 2.2.1. Processes occurring in landfills that affect metal solubility; natural

attenuation, complexation of metals with organic matter and mechanism of humic acid
for metals retention
2.3.1 Weathering and natural attenuation

The dissolution of metals can occur during natural events, such as weathering
and natural attenuation. During weathering processes, a broad range of physical

and chemical reactions such as hydrolysis, precipitation, pH neutralisation,
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oxidation/reduction of metals, sorption, and complexation will change the overall
characteristics of metals (Chimenos et al., 2003; Polettini et al., 2004;
Saffarzadeh et al., 2011; Takahashi and Shimaoka, 2012). Natural attenuation
can be defined as a process by which the concentration of leachates is reduced
to an acceptable level by natural processes. It can both mobilise and immobilise
metals (Beaven et al., 2013). Based on the definition, in-situ natural attenuation
mechanisms are identified as physical (diffusion, sorption, dispersion, dilution,
and volatilisation), chemical (precipitation, adsorption, ion exchange, redox
reaction) and biological (biodegradation) processes. For this reason, it is
desirable to be able to predict how the metals in the landfill environment will
behave over time when exposed to the weathering effects of infiltrating rainwater
and the atmosphere. The effect of weathering on metals solubility is likely to be
significant as pH is a dominant parameter in metals solubility and complexation
(Stumm and Morgan, 1981). The redissolution of their respective hydroxide
mainly causes the release of metals as pH is controlled by the solubility of
Ca(OH)2. Therefore, weathering reactions leads to a decrease in pH (Chimenos
et al., 2003).

2.3.1.1 Oxidation

Several studies have been shown the formation of Fe/Al-(hydrate) oxides and
calcite by weathering. It indicates that metals release may be controlled by
sorption processes caused by weathering (Zevenbergen and Comans, 1994;
Meima et al., 1997a; Meima and Comans, 1999; Saffarzadeh et al., 2011,
Takahashi and Shimaoka, 2012). Saffarzadeh et al. (2011) proposed the
following order based on their direct metal uptake capacity: Fe-hydrate > Al-
hydrate > calcite. Calcite is not adequate for direct metals sorption; however, they
play a crucial role in buffering the system, pH neutralisation; consequently, it
minimises metal leaching. Thus, weathering is expected to result in a reduced

metal solubility in the long term (Meima and Comans, 1999).

2.3.1.2 Sorption and precipitation

Temporal studies of metal mobility in soils show that mobility decreases over

time, suggesting that a high proportion of metals within Municipal solid waste
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(MSW) which consists of everyday items we use and then throw away, are
insoluble (Peters and Shem, 1993; Aucott, 2006). The reasons for the reduced
mobility of metals in soil include sorption on soil particles and particularly to HS,
precipitation under anaerobic conditions, adsorption, and chelation with inorganic
and organic ligands in landfills (Bozkurt et al., 2000). Christensen et al. (2001)
reported that metals in landfills do not constitute a significant pollution problem

due to strong attenuation by sorption and precipitation (Fig 2.2).
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Figure 2.2.2. Effect of pH on the adsorption of copper: at lower pH, the adsorption sites

are saturated by H*, and the adsorption of copper is low; when the pH increases, the
sorption sites become available, and the adsorption of copper increases. At higher pH,

the copper precipitated (Adapted from Abbar et al., 2017)

In general, inorganic content of leachate ranges between 1 and 2000 mg/L. By
raising the pH value, metallic hydroxide compounds become insoluble and
precipitate from the solution. Alkaline conditions promote metal precipitation and
adsorption, depending on the metal speciation (Lukman et al., 2013). Fig. 2.3
shows the solubility curves of selected metal ions and their respective solubility
versus pH. Cu and Ni have a similar curve, albeit that the minimum solubility of
Ni occurs at approximately pH 10.5 and the minimum solubility of Cu occurs at
pH 9. Zn is amphoteric, being soluble in both acid and alkaline conditions. Cu and

Zn readily form metallic complexes with ammonia. These metal complexes
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remain highly soluble at the higher pH values, prohibiting respective metal
hydroxide precipitation. Cu sulphide is insoluble, and the presence of sulphide
precipitates Cu as it dissociates from the ammoniacal complex. Precipitate in
landfill environments strongly relates to organic decomposition and the formation
of microorganisms during the process of methanogenesis (Li et al., 2015).
According to Fig 2.3, precipitation is unlikely to occur in strongly acidic conditions

except for Fe, Al, Pb and Zn.
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Figure 2.2.3. Solubility of metal hydroxides; solubility of metal sulphide; solubility of

metal hydroxides as a function of pH (Marchioretto et al., 2005)

Marchioretto et al. (2005) reported that when Fe and Al are present in landfill
leachate, adsorption and co-precipitation may occur between Cr, Pb, and Zn with
Fe(OH)s and AI(OH)s as pH increases. The leachability of metals is also

influenced by the chemical and physical affinity of metal ions and various waste
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materials under landfill conditions (Ward et al., 2005). Sulphates in waste are
reduced to sulphide that forms insoluble precipitates with most metals or
containing amino acids during anaerobic (Christensen et al., 2001). Dissimilatory
microbial sulphate reduction is when certain bacteria use sulphate as the electron
acceptor in the oxidation of organic matter. However, Cr does not form an
insoluble sulphide; it is only precipitated out in the form of hydroxide. Sulphides
of the metals are more difficult to dissolve, both in oxidising and reducing
environments (Hammack and Edenborn, 1992).

2.3.1.3 Carbonation and redox

Carbonates are also capable of forming precipitates with metals and are
abundant in landfill leachate. Nevertheless, the solubility of metal carbonates is
generally high (Christensen et al., 2000). Metal precipites of carbonate will
dissolve, where the carbonate release will buffer the pH value as the pH
decreases, which is called the humic phase (Kjeldsen et al., 2010). As attenuation
mechanisms affect metal concentration and stability, it should be considered the
metal adsorption and precipitation-pH relationship for recovering metals with high
concentration from an economic point of view. The redox potential influences
precipitation and should be considered when considering metal solubility. Redox
potential is a measure of the propensity of a chemical or biological species to
either acquire or lose electrons through ionisation (Lu and Marshall, 2013).
Various parameters in landfill leachate can reflect transformations in redox
potential. For example, as sulphate is reduced, their concentrations decrease. An
increase in redox potential effects on the oxidation of reduced sulphur
compounds to SO4%. Oxidation of metal sulphides takes place, leading to metals
release. The redox conditions in landfill leachate affect metal-organic interactions
through the organic ligands, as organics are sensitive to redox conditions (Merian
and Clarkson, 1991). Abundant OM tends to have low redox potential values. The
speciation of metals, which is related to their mobility, is dependent on pH, redox,
and organic compounds (Baun and Christensen, 2004). Each of the oxidation
states has different metal complexation constants, and organic compounds may
mobilise it to an extent critically dependent upon the redox conditions (Herbert et

al., 1993). For example, Tingzong et al. (1997) found that Pb was bound to iron
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and manganese hydroxide under oxidised conditions. As the landfilled waste
shifted to reducing conditions, Pb was leached out. Chuan et al. (1996) also
reported that the solubility of Pb, Cd and Zn in soils increased when redox
potential decreased, and this was due to the dissolution of Fe-Mn ox-hydroxides
under reducing conditions resulting in the release of metals. In contrast, Sims and
Patrick (1978) found that soluble Zn decreased at low redox potential, which may
be caused by different environmental conditions and soil types. Also, Kamon et
al. (2002) found that low redox potential and alkaline conditions induced by
anaerobic respiration in landfill sites tend to prompt immobilization of Zn but a
mobilization of Iron. Overall, redox potential strongly affects the behaviour of
metals in leachate even though there uncertainty remains regarding to what

degree such as different environmental conditions.

2.3.2 Organic matter decomposition and metal leachability

As landfill age increases, the leachate passes through successive stages of
organic substance decomposition, which influences metal leachability. Metal
leachability is highest when hydrolysis, fermentation and acetogenesis dominate
due to an accumulation of VFA and a pH decrease (Fig 2.4). The primary acids
formed during fermentation are acetic acid (CH3COOH), propionic acid
(CH3CH2COOH), butyric acid (CH3CH2CH2COOH) and ethanol (C2HsOH).
Carboxylic acids act as chelating agents, and there may be an increase in
carboxylic functional groups on humic compounds due to the waste being
oxidised (Kjeldsen et al., 2010). Qu et al. (2008) demonstrated that metals in
leachate are bound to organic substances such as fatty acids, FAs and HAs. The
fatty acids, FAs, and HAs content in leachates decrease as landfill age increases
(Fan et al., 2006; He et al., 2006; Qu et al., 2008). The fatty acids are accumulated
during the acid phase of the waste stabilisation (Christensen and Kjeldsen, 1989).
FA predominates in young unstable leachates, and its concentration decreases
as landfill age increases. The HA-forming processes are dependent on microbial
degradation of OM, and the HA increases with the age of leachate, eventually
reducing due to the leachate becomes more stable and diluted (Artiola-Fortuny

and Fuller, 1982). HA has more carboxylic groups than FA and contains bands
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of aromatic C=C (Gustafsson and Berggren, 2005; Shirshova et al., 2006). The
binding capacities of HS to metals within leachate and solid waste may imply that
the solubility of HS strongly influences the mobility of metals (Qu et al., 2008). To
the best of our knowledge, no work has been reported on the effects of organic
matter decomposition on metal release in landfill environments. It is expected that
different metals have different impacts on the decomposition processes of
organic matter. Further research is required on the role of organic matter
degradation on the release of individual metals.

Metal Time :
Organic material Leachate pH value leaching (Days) Formation
Hydrolysis/Aerobic | | CO:H:0 Ly
degradation
Hydrolysis_and L5 Uﬁfg&?ﬁfg 5 Around 7.3 Low
Fermentation Ammoniacal nitrogen medium
Rosbopenedi: 4 A;eticc de - Around 5 Peak
2, 2
. Around 8 Low Formation of
Methanogenesis > CHas, CO2 —» 600 metal sulfides
Oxidation > CO: > Stable organic
compounds
are farmed
Y
Age Leachate pH value
<5 years 6.5
5-10 years 6.5-7.5
> 10 years >7.5

Figure 2.2.4 Biological decomposition process, metal leaching process in a landfill and
leachate pH value (Adapted from Zainol et al., 2012, Adhikari et al., 2014)

2.3.2.1 Leaching test methods

Extensive testing procedures have been developed to simulate the leaching

processes of metals in landfills or natural environments in order to estimate the
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release potential of metals/ materials over a range of possible waste
management activities. Leaching methods can be divided into two categories by
whether the leaching fluid is a single addition (statical tests) or is renewed
(dynamic tests) (Tiwari et al., 2015). The purpose of the statical tests is that at
the end of the entire period of the process, will be given a stable state of
molecules. The substances resulting in leaching continuously flow through the
sample in the dynamic test. Chemical aspects influencing the leaching relate to
the fundamental processes controlling the solubility of solids. These include: (1)
the influence of pH on controlling the solubility, (2) the influence of dissolved-
phase complexing agents, which increase the dissolution and (3) the role of
oxidation-reduction potential in increasing solubilisation (Tiwari et al., 2015).
Recent characterisation of materials, such as soil, waste, sediments, and sludge
employing more extended leaching tests and associated chemical speciation
modelling has led to much more detailed insights into release controlling
processes. Geochemical modelling such as Visual MINTEQ is potentially
valuable source to identify and describe the dynamic leaching processes of
metals from waste materials as well as their further rate of transport in the
environments such as soil and groundwater. Therefore, the approach of
geochemical modelling can be used to predict the simultaneous leaching of a
wide range of major and trace elements such as Cd, Pb, Ni and Al and organic
matter like fulvic and humic acid from MSW under widely different statical and

dynamic conditions (Dijkstra et al., 2008).

Previous studies have used Visual MINTEQ to calculate equilibrium aqueous
speciation, adsorption, solid-phase saturation states, precipitation and dissolution
of metals (Zhang et al., 2008; Quina and Bordado, 2009; Yao et al., 2011; Taha
t al., 2018; Mahedi et al., 2019). Also, Visual MINTEQ can prove to be able to
provide valuable insights into the leaching characteristics of heavy metals.
Therefore, the distribution and characteristics of aqueous metal(loid)s in the

leachate may be investigated with this model.
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2.3.2.2 A multivariate statistical analysis of metal leaching

Multivariate statistical analysis is considered a helpful tool for evaluating the
significance of geochemical anomalies concerning any individual variable and the
mutual influence of variables on each other (Albanese et al., 2018). Correlation
analysis can be used to find the relationships between the physicochemical
parameters of the landfill samples. Principal component analysis (PCA), factor
analysis, and hierarchical cluster analysis (HCA) are some of the most widely
used multivariate analysis techniques applied to geochemistry (Albanese et al.,
2018). This method can represent the intensity of each metal for each factor. PCA
Is used to reduce data dimensions, thereby visualizing overall patterns and trends
within the dataset and identifying which parameters are most important in
separating classes while allowing for the evaluation of relationships between
observed variables (McGregor et al., 2012). HCA is for sorting individuals with

similar characteristics into groups (Li et al., 2015).

Previous research has used a multivariate analysis to compare environmental
risk levels in relation to several factors such as age, particle size and depth and
to identify of heavy metal sources (Facchinelli et al., 2001; Zhou et al., 2008;
Zamani et al., 2012; Hou et al., 2017; Chandrasekaran et al., 2015; Jin et al.,
2019). Therefore, to assess the factors influencing metal mobility in landfill
leachate, a multivariate analysis would be required to identify the controlling
processes in complex data and highlight the similarities and differences.

2.3.3 Chelation and complexation with organic substances

Most metal ions bind to neutral molecules in different oxidation states called a
ligand, defined as an ion or molecule that binds to a central metal atom to form a
complex (both organic; carboxylic acids, amino acids, HAs and inorganic) (Table
2.4). Ligands lead to the formation of metal complexes and metal chelates (Fig
2.5). Complexation with organic ligands is known to influence the mobility of metal
by either increasing or decreasing its sorption on mineral surfaces. Many organic
substances have been commonly identified in leachates worldwide (Details in
appendix Table A.1) (Paxéus, 2000; Staley et al., 2006; Zhang and Zhang, 2009).
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Table 2.4. Mechanisms of adsorption of organic compounds in soils (adapted from
Sposito, 1984)

Mechanisms Principal organic functional group

amines, ring NH, heterocyclic N

Cation exchange . . .
g amines, ring NH, Heterocyclic N,

rotonation
i carbonyl, carboxylate
i carboxylate
Anion exchange noxy
water bridain amino, carboxylate, carbonyl
N alcoholic OH

Cation bridging carboxylate, amines, carbonyl,

alcoholic OH
Ligand exchange carboxylate
hydrogen bondin amines, carbonyl, carboxyl,
o | phenylhydroxyl

uncharged, nonpolar organic

Van der waals bonding functional groups

Among the organic ligands, HS are the main organic compounds present in
landfill leachate (Zhou et al., 2015). HS are the main component of soil OM or
humus, most of which combine with the inorganic constituents in the soil (Pettit,
2004). HS have several functional chemical groups (carbonyl, hydroxyl carboxylic
acid, phenolic ring, and quinine), which may combine with ions such as Fe3*,
Mg?*, and Ca?* and form chelate complexes (Fig 2.6); thus change the solubility
of metals (Tipping et al., 2002). Generally, the potential for complex formation
between metals and organics increases with pH alkalisation (Hummel et al.,
2000). Farrah and Pickering (1997a) showed that the proportions of metal bound
as hydroxyl complexes increase at pH 5 and above although the capacity for
complexation shows no dependence on pH (Antelo et al., 2000). Instead the
metal-organic interaction depends on the stability of complex formation and metal
concentration. Esakku et al. (2003) reported higher stability constants for Cu
complexes with OM and that these lead to higher Cu content in the organic
fraction. Phenolate, amino, and carboxylate groups enhance the formation of

metal complexes at high pH, thus become increasingly stable at higher pH levels
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(Rieuwerts et al., 1998). Carboxylic and hydroxyl functional groups show acid-

base behaviour.

Ligand Metal Ligand
”

Figure 2.2.5. An amino acid chelates (Albion Technology, 2021)

At low pH, hydrogen ions compete with the metal ions for these sites, and as pH
increases, less hydrogen ions are present and complex site availability for metal
ions increases (Scott et al., 2005). There are challenges to understanding the
complexation of different metal ions, e.g. i) organic compound functional groups
influence the type of reaction it has with metals; and ii) the length of hydrocarbon
chain length in carboxylic acid increases its metals adsorption capacity but

decreases its stability as complex (Abollino et al., 2003).
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Figure 2.2.6. Metal ion complexation and chelate effect (Adapted from Tsezos et al.,
2006)

Soil organic matter can influence the mobility and speciation of metal, where
complexation reactions modify its accumulation potential (Kennou et al., 2015).
For example, when organic materials, rich in soluble organic carbon and a large
proportion of FAs are applied to soil, metal mobility increases due to the formation
of soluble metal-organic complex (Pérez-Esteban et al., 2014). In contrast, when
a chelating agent binds to a metal ion in more than one place simultaneously,
chelated compounds become more stable (Pohimeier, 2004). It has long been
recognised that complexation may lead to increase metal solubility or decrease
adsorption (Cavallaro and McBride, 1978; Bradl, 2004; Gungor and Bekbdlet,
2010; Ahmed et al., 2019). Similar observations have been shown to occur within
the landfilled waste. A variety of organic compounds can be expected in the
leachates, which afford the potential for metal-organic interactions through the
organic ligands. Previous studies established that dissolved organic matter
(DOM) in MSW has a high affinity for metals, especially for Cu and Pb
(Christensen et al., 1996; Christensen et al., 2000; Huo et al., 2008). Most
insoluble metals are present in their refractory chemical form, i.e. PbSO4. Over
time the oxidation/ reduction of these metals to a soluble form through

complexation appears likely (Takahashi et al., 2010). If insoluble metal-DOM
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complexes are formed, the mobility of the metals in question and the DOM to
which they are complex decreases. Metal mobility is less clear when soluble
complexes are created with DOM (Jansen et al., 2003). On the one hand, it may
increase because, i) the mobility of DOM is affected by its functional groups and
adsorption to soil particles (Kaiser et al., 1997); ii) binding to DOM prevents
immobilisation by precipitation of inorganic metal complexes. On the other hand,
the mobility of soluble metal-DOM could decrease complexes when they bind to
soil particles through cation bridging (Guggenberger and Zech, 1993).

The leachability of metals could be enhanced through ligand complexation where
organic acids such as carboxylic acids and phenols, formed during the
decomposition of organic compounds, decrease pH. The pH determines the
number of acidic functional groups on deprotonated DOM, which increases the

availability of sorption sites for binding metals (Stevenson, 1994).

Jensen et al. (1999b) determined organic complexes of heavy metals in landfill
leachate polluted groundwater in the Vejen landfill. They found that organic
complexes made up a significant part of the total content of heavy metals: Cd
85%, Ni 27-62%, Zn 16-36%, Cu 59-95%, and Pb 71-91%. Kalis et al. (2006)
found that the metal-humic acid complexes become the dominant complexed
species when humic acid is present. Yu et al. (2018) reported that most of the
complexes between Cd and the HS would be insoluble, and the complexation
could contribute significantly to the reduction in the concentration of Cd in soil
solution. Van Ginneken et al. (2001) discovered that the stability of chelated
metals and noncyclic metal complexes depends on several factors, including pH,
metal oxidation state, and ionic strength. Organic-metal complexes are
increasingly stable at higher pH levels due to the ionization of functional groups
(Jones and Jarvis, 1981; Rieuwerts et al., 1998). Conversely, organic acids
present in the dissolved organic carbon (DOC) may act as chelating agents,

enhancing the mobilisation of metals (Christensen et al., 1996).

Complexing behaviour significantly influences metal attenuation as it affects their
mobility and saturation indices (Qu et al., 2019). As metal-organic complexation

plays a critical role in the mobility of metals in landfill environments, lab and field

22



experiments would be required to establish the relationship between complexing
characteristics and observed metals leaching, performed under varying

environmental conditions to optimise metals recovery.

2.3.3.1 FTIR Analysis on metal-organic in landfill leachate

It is known that humic substances and particularly soluble HA may serve as a
complexing agent for metal ions leached in the environment (Tseng, 2005). Metal
complexing by humic substances has been widely studied, and while it is well
known to bind strongly to organic molecules. Attenuated Total Reflection (ATR)
Fourier Transform Infrared (FTIR) spectroscopy is a label-free, non-destructive
analytical technique that can be used extensively to study a wide variety of
different molecules in a range of different conditions (Chan and Kazarian, 2016).
FTIR identifies the presence of organic and inorganic compounds in the samples,
and provides information on molecular structures, chemical environments,
orientations, and conformations of polymer chains. It is a technique used to obtain

an infrared spectrum of absorption of samples (Sindhu et al., 2015).

Many researchers have investigated metal adsorption mechanisms on such as
soil minerals and functional groups of metal-organic using FTIR (Alberts and Filip,
1998; Martyniuk and Wieckowska, 2003; Erdogan et al., 2007; Papageorgiou et
al., 2010; Tsang and Hartley, 2014; Yang et al., 2019).

Therefore, the interaction of metal ions with humic acid can be studied using FTIR
spectroscopy. This method would be able to prove helpful concerning to metal

binding to understand better the potential sites of bonding within the humic acid.

2.4 Leachate recirculation strategy for metal recovery

Leachate recirculation within landfills has been widely used for a range of
purposes since the 1970s, including leachate management, enhanced landfill gas
generation or recovery, and improved landfill sustainability (EPA, 2009).
Leachate recirculation is a process where leachate is re-introduced into the
landfill through an artificial recharge system (White et al., 2011). This technique
aims to encourage saturation to stimulate the degradation processes, leading to

more rapid stabilisation of the landfill (Scott et al., 2005). However, leachate
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recirculation can also increase the chloride content. Chloride contents may also
be an important controlling factor for metal release. Chloride affects the behaviour
of metals by binding the metals on humic acids and the adsorption of metals,
such as the adsorption of Cd on iron hydroxides or their desorption mobility
(Guevara-Riba et al., 2005; Begeal, 2008; Damikouka and Katsiri, 2020). The
ionic forms of Cu and Cd can form metal compounds with the anions such as
CuClz, CdCl2 or CuSOs, leading to chloro-complexation and the formation of
dissolved metal-chloride compounds increase the mobility of metals (Kirkelund et
al., 2010; Damikouka and Katsiri, 2020). This implies that leachate recirculation
affects metal recovery. Leachate recirculation can significantly influence metal
behaviour and fate within waste matrices (Ledakowicz and Kaczorek, 2004). For
example, Yao et al. (2014) found that leachate recirculation contributed to faster
stabilisation of the landfill and reduced leachability of Cu and Zn from the landfill.
He et al. 2007 have also shown that recirculating leachate, which is by the
sequential reactors, in landfills in the early stage allowed methanogenesis to be
reached much earlier and that this was accompanied by a reduction of total
metals released from landfills. In contrast, Qu et al. (2008) demonstrated that the
initial stage of leachate recirculation had low leachate pH (5-6) and highly VFA
levels (acetate 4500-700 mg/L, propionate 1450-2950 mg/L and butyrate 4500-
7200 mg/L) due to the acidification stage, in resulting the concentration of the
metals was high at this stage. Bilgili et al. (2007) showed that the release of
metals can significantly increase at the beginning of leachate recirculation as in
the early stages of the waste degradation, pH of the leachate is low contributing

to higher solubility of metals and dissolution into leachate (Fig 2.7).

As stated previously, due to the low concentrations of metals, the way to make it
economically viable in recovering metals is to maximise metal concentrations.
Recirculating leachates will accentuate the potential for increased metal mobility
within and from the landfill when oxidised conditions are introduced. Leachates
have been shown to have an increased capability to enhance metal mobility when
oxidised (Martensson et al., 1999). It implies that leachate recirculation provides
higher extractable metals in the initial leaching phase.
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Figure 2.2.7. Leachate recirculation strategy for metal recovery

Therefore, regarding the critical challenges in metal recovery in leachate, this
suggests that where leachate recirculation is applied with combining organic

matter such as HA and pH could increase the economic feasibility.

2.5 Opportunities for metals recovery from landfill leachate

Leachate contains a wide range of metal such as Cu, Zn, Cr, Cd in addition to
REEs (Kjeldsen et al., 2002). Therefore, leachate in landfill sites has a great
potential for metal recovery. There are several ways for recovering metals from
waste, such as recycling, physico-chemical, thermo-chemical, pyro-metallurgical,
hydro-metallurgical, bio-metallurgical, landfill-mining methods (Wang et al.,
2017). Due to the lack of economically and operationally feasible primary
resources for the production of metals, many countries are forced to depend on
recycling metals from secondary sources such as industrial residues and end-of-
life products. Table 2.5 shows various methods to recover metals from waste
streams and leachate, suggesting the possibility of recovery metals in landfill
leachate. Despite published research works on recovering metals from leachate,
studies are scanty in an application towards the recovery of metals from real
landfill leachate in the site. The main problem to recover metals from leachate is
further compounded for metals that exist at low concentrations (Table 2.2), which
can be affected by many factors such as landfill age, type, and chemical and
physical mechanism in landfill environments. The concentration mainly ranges
from pg/L to mg/L, so to make the recovery of such commodities more

meaningful, technologies should be developed to treat a large amount of leachate

25



while efficiently concentrating the targeted metals. Also, the strong acidic
condition can affect the environment; thus, it may later pose harmful risks to the
environment if not managed well. The concentration of metals varies widely, and
REEs has a very low concentration (1 or 2 pg/g waste), which is limiting the
economic viability of the recovery. The minimum 1 mg/L of metal is needed to
make metals recoverable from wastewater (Kjeldsen et al., 2002; Baun and
Christensen, 2004; Wu et al., 2015). Relatively, high concentrations of over 1%
are needed to approach the cost-effective recovery metals (Umeda et al., 2011).
Therefore, process optimisation is important to maximise the concentration of
metals or co-extraction of other added-value materials such as nitrogen and
phosphorus, improving the process’s cost-effectiveness and efficiency. By
understanding the processes, including organic-metal interaction in leachate,

recovering metal can achieve higher average productivity.

Barriers remain in recovering valuable materials present due to the unknown
concentrations and distributions of metals in landfills and not meet the reasonable
financial level. Metal recovery from leachate has not been investigated before,
but prior studies have demonstrated that metals can be recovered from
wastewater and aqueous solutions. However, the methods remain limited; for
example, physicochemical methods are energy and capital intensive due to the
costs of chemicals, oxidants, and membranes; the biological treatment process
is limited by treatment effectiveness and energy requirement (Ahn et al., 2002;

Kargi and Pamukoglu, 2003).
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Table 2.5. Metal recovery from wastewater and liquid solution

Source Method Characteristics Effects Reference
Leachate Bioelectrochemical ‘BES employs biological and -The electrical conductivity of Iskander et
from landfill systems (BES) electrochemical reactions to leachate makes it favorable for al., 2016
waste recovery resources from a wide electricity generation, and it contains

range of substrates. a high concentration of ammonium
nitrogen, which may be recovered for
agricultural application.
-‘Metal also may be recovered by the
modified microbial electrolysis cells.
Sulfate Liquid-liquid 1) The cathode scraps undergo heat | -Focuses on selective recovery of Nguyen et
leachate of extraction treatment to completely liberate the | Co, Ni, and Li from the sulphate al., 2014
cathode cathodic materials from aluminum leachate of cathode scarp generated
scrap of Li- foil. 2) Solubilise Co, Li, Fe, Mn, Ni, | during the manufacture of Li ion
ion batteries and Al by leaching the cathodic batteries.
presence of H.0.. 3) Oxidative recovered by solvent extraction using
precipitation of Mn from liquor with the sodium salt of PC-88A.
KMnO, and extraction of Al and Fe . -
. -The metals extraction efficiency and
t‘hsénr?]ggIEHpA' 4) Treat to recover separation factor depend upon the
' extractant concentration and the
equilibrium pH of the aqueous phase.
Solution and | Biogas ‘Precipitates metals from solution -‘Au was recovered from electronic Macaskie et
leachate using the off-gas scrap leachate with selectivity al., 2007
derived from ‘Recovery Au, Pd, and Ag from against Cu using biogas as they
electronic leachate derived from electronic could partially separate Au from Cu.
scrap scarp; safe microbiologically
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-In acidic conditions, Au and Cu are
removed rapidly and separated from
the liquor.

-The solid Pd and Ag will not easily
be separated in water via biogas.
-Amines must be avoided for
recovering metals using biogas.

End of life Hydrometallurgical -Ferric sulphate concentration range | -Effect of Fe®** on leaching of Cu and | Sethurajan
electronic process (at 1:10 and 1:5 Cu to sulphide selective recovery of Cu from the and
wastes molar ratio 1) filled up by using N2 polymetallic leachate. Hullebusch,
gas for anaerobic conditions 2) add | -|jxjviant concentration and pH were | 2019
of 10 ml of Na>S-9H0 solution the important parameters in CuSO,
precipitation.
-The precipitation mostly occurs in
the acidic pH range (0.5 to 1.5).
‘CuSOg4can be further
pyro/hydrometallurgical processed to
produce Cu metal.
Aqueous Biosorption -‘The phosphorylation yeast cells 98% of the Cu ions adsorbed to Ojima et al.,
solutions were used in Cu adsorption phosphor cells could be recovered by | 2019

experiments with 0.1 M HCI, which
is strongly influenced by the pH of
the solution.

‘Recovering metals from aqueous
solutions. The biosorption of metals
is a complex process affected by the
adsorbent, the types, and the
concentrations of metals in the
solution.

treating the cells with HCI.
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Sulfuric acid | Hydrometallurgical ‘Needs to refine the residues into a | High purities of Co and Li were Chen et al.,
leaching process purer form such as salts, hydroxides | recovered as CoC,04-2H,0 and 2015
liquor of and metals. 1) selective precipitation | Li,COs,
spent Li-ion method by adding dimethylglyoxime
batteries (DMG, C4HsN203) reagent 2)
extraction using cobalt loaded
phosphoric acid (D2EHPA) 3)
4Separation and recovery of metal
(Ni, Mn, Co, and Li) from sulfuric
acid leaching liquor
Acid mine Sequential 1) Sequential precipitation; add a :95% of the Cu and Zn were Zhang and
leachate precipitation sodium hydroxide solution of 5 M 2) | recovered from the residual liquid Honaker,
Selective dissolution; pre- using NazS at pH 2 and 3. 2020
concentrates of the valuable ‘The optimise the oxalic precipitation
e|ementS were I‘e-diSSO|V€d |nt0 for the REE recovery is using a
solution 3) Oxalic acid precipitation; | sojution pH of 1.2
dissolving 8 g oxalic acid dehydrate
in 50 ml deionised water using an
ultrasonic batch 4) Na,S
precipitation; 1 M NazS REEs, Cu,
Zn Ni and Co recovery from an acid
mining leachate. The sample was
collected from a coal preparation
plant.
Sludge Precipitation -Add 3 mol dm NaOH, The recovery efficiency of heavy Gao et al,,
“The recovery process of heavy metals (Pb, Ni, and Cr) reached over | 2012
leachate with biosurfactant elution pH 10.9.
by batch and column experiments.
Wastewater Cementation -Add Fe, Al, and Zn metallic -Cu, Au, and Pd can be recovered by | Umeda et
powders into 250 mL of wastewater | using Fe and Al powder. al., 2011
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-Stir continuously with a magnetic
stirrer

‘Precious metals can be effectively
recovered by combining processes
(cementation, neutralisation and
reduction)

Wastewater | Photoelectrochemical | -A stock solution was prepared by ‘Heavy metals were recovered by Wang et al.,
cell dissolving the metal salts into mechanical scratching of the cathode | 2017
deionised water surface.
-The photoanode and the Pt strip
cathode were connected with a
commercial Cu wire
-The photoanode was irradiated with
a UV lamp
Wastewater | Electrochemical -Prepare solutions using deionised -The highest efficiencies were Kaminari et
reactor water obtained for Pb and Cu recovery al., 2007

‘Determining the quality
characteristic to be optimised.
-ldentification of the noise factors
and test conditions.
-ldentification of the control
parameters.

from diluted solution: 75.8 % and
89.9 %
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Bioelectrochemical systems (BES) is an environmental strategy that employs
biological and electrochemical reactions to generate electricity and recovery
resources from a wide range of substances. Organic compounds in BES tends to
produce electricity and other value-added compounds by oxidising
microorganisms. However, a high concentration of metals in landfill leachate can
be recovered through BES, and the reduction in leachate volumes can be
achieved using osmotic processes integrated with BES. Also, hydrometallurgical
processes have gained considerable attention as they show effectiveness in the
extraction of metals (Gunarathne et al., 2020). Hydrometallurgical metal recovery
is typically performed in three main stages: metal dissolution, concentration and
purification, and metal recovery (Gupta,2006). Thus, further research should be
studied to take a circular approach, recovering metals from landfill leachate using
BES after enhancing metal concentration through leachate recirculation or
hydrometallurgical processes using less toxic chemical solvents to be used as

leaching agents and assist of acids and pH value.

2.6 Conclusion

The literature review on landfills has shown a metals recovery opportunities in
landfill leachate using factors influencing metal mobility in landfill environments.
Landfill leachate is a significant potential resource in landfill as it contains a large
variety of dissolved extractable metals. Metal’s recovery opportunities may
increase by several factors, influencing metal mobility in landfill environments as
an excellent challenge for metal recovery from leachate is the low concentration
of metals. Younger landfill leachate (>5 years old) has higher organic matter
content due to the generation of dissolved and solubilised organic matter,
consequently increasing metal release. Therefore, it implies that metal recovery
may be effective in younger landfill leachate. Physio-chemical processes affect
soluble metal concentration, which is critical to predicting metal recovery as they
can govern the mobility of metals. More knowledge is required concerning the
complexes in leachate in general and specifically on the importance of the organic
matter in leachate, which led to an increase in the metal release rate. This article

has also identified the gaps and has indicated that further efforts are required
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concerning leachate recirculation. It may ensure that maximising the
concentration of metals from landfill leachate will be the economic feasible.
Although mature technological advances provide opportunities for recovering
metals from landfill leachate, significant challenges await us ahead as they can
hardly be regarded as economical. Therefore, the chemistry mechanism of landfill
environments should be well understood and fundamental and practical barriers
of the recovering process in landfill leachate, which will lead us one step closer

to resource recovery paradigm for a circular economy in closed landfill.
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3 Influence of pH, depth and humic acid on metal and
metalloids recovery from municipal solid waste landfills

The findings in this chapter showed the pH and humic acid effect on metal
recovery from the landfill at three different depths. It has been published in
Science of the Total Environment (see Appendix C)

3.1 Introduction

The growing resource use has, for many people, strengthened social
foundations, incomes and welfare. However, it has also produced negative
effects; the world faces resource shortages. To provide the necessary resources
to meet demand (European Commission, 2010), the transition towards resource-
efficiency is required. The global demand for metals has accelerated to an extent
where it is widely considered a threat to economical and societal functioning
(Watari et al., 2021). Therefore, waste management recently moves towards a
Circular Economy by recycling pre-consumer manufacturing scrap/residues and
End-of-Life products (European Commission, 2018a). Reduction and re-use are
the most effective ways to save natural resources, and as the UK’s recycling rate
has increased from 44.5% in 2015 to 45.5% in 2020 (DEFRA, 2020), there has
been a gradual decrease in the amount of waste sent to landfills. Nevertheless,
the total amount of waste has been showing consistent growth (DEFRA, 2020).
Therefore, turning waste into a resource is a crucial key to a circular economy.
Landfills are still a major route for waste disposal throughout the world. It has
been estimated there are around 500,000 landfill sites across Europe
(EURELCO, 2016) and approximately 22,000 historic landfill sites in the UK, of
which 90% were closed before 1996 (Wagland et al., 2019). Landfills contain
substantial amounts of materials, including metals, thus being a new potential
resource base that can become part of the Circular Economy (Wagland et al.,
2019). Metal(loid)s are an irreplaceable component, used in various technological
applications such as mobile devices, computers, vehicles and medical
technologies. Therefore, sustainable supply of metals is essential. Ensuring
supply from secondary raw materials, reducing reliance on raw material supply,

is undoubtedly part of a resilient and circular economy. Enhanced landfill mining
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(ELFM) is a potential approach to meeting expected global demand of metals by
mining disposal of metals. Krook et al., (2012) define landfill mining as “a process
for extracting materials or other solid natural resources from waste materials that
previously have been disposed of by burying them in the ground.” However, it is
mainly to remediate the site, and its success and practice in materials recovery
have been limited by economic infeasibility and the performance of technology,
l.e., what quality levels (Kook et al., 2012; Wagner and Raymond, 2015). The
concept of ELFM, which started to develop in 2008 (Jones et al., 2013; Canopoli
et al., 2018), focuses on maximising the valorisation of waste as materials (WtM)
and energy (WtE), which supports sustainable materials management by
recovering and recycling of waste generated through the creating of the
consumer product (Jones et al., 2013). However, there is uncertainty regarding
the economic feasibility and environmental consequences of ELFM (Pastre et al.,
2018).

In-situ landfill mining could enable the recovery of metals without excavation
through the recovery of metals from landfill leachate (Kurniawan et al., 2021).
Challenges remain in recovering metals to high efficiency and yield. A primary
challenge for metal(loid)s recovery from leachate is the low concentration of many
metals influenced by several factors such as landfill age, type and pH. The critical
factors that affect the leachability of heavy metals are pH and chemical
mechanisms such as precipitation, adsorption and ion-exchange and biological
processes such as microbiomes which can dissolve metals (Dijkstra et al., 2004;
Saveyn et al., 2014; Gutiérrez-Gutiérrez et al., 2015; Gu et al., 2018; Roy et al.,
2021). The sorption characteristics of metals in landfills are important with
recovering metals from landfills, and the presence of organic matter influences
this sorption process (Spark et al., 1997; Sapsford et al., 2017). Natural organic
matter in landfills originates from food, wood, paper, yard trimmings. Natural
organic matters in landfills are converted to humic substances (HS) via
humification (Mallick, 2017). Organic matter is biodegradable in the leachate at
the early stage of landfills and becomes non-biodegradable at the late stage of
landfills such as HA. Thus, HS are the main organic compounds in landfill

leachate, and HA represents the most active HS fraction (Zhou et al., 2015). Itis
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widely recognised that humic acid [HA] affects metal speciation behaviour (Qu et
al., 2019), solubilisation and adsorption of hydrophobic pollutants, mineral growth
and dissolution, redox behaviour in soil (Scott et al., 1998; Liu et al., 2018; Qu et
al., 2019). Therefore, knowledge about HA’s roles and interactions with pH is
essential for recovering metals from landfill environments. Several studies have
investigated the characterisation of HA in landfill leachate and distribution of
heavy metals with HA (Bozkurt et al., 1999; Boru’'vka and Dra bek, 2004;
Klavinsa et al., 2006; Gutiérrez-Gutiérrez et al., 2015). However, the information
about HA’s interaction, heavy metals, and pH in landfill environments are still
insufficient. Thus, this study aims to investigate the leaching characteristics of
major metals in landfill environments under the influence of pH changes using the
batch leaching technique. The recovery should target valuable metal(loid)s that
have relatively higher concentrations in landfill environments or be extensively
used in our life or listed as critical raw materials. In this work, 12 metal(loid)s
including Lithium and Cobalt, which are critical raw materials and strategically
important for the European economy but have a high risk associated with their
supply (Blengini et al., 2020), were selected to investigate the metal release
performance and correlation of HA with metals from the MSW in different pH and
depth. Visual MINTEQ software was used to explain pH-dependent leaching

characteristics of metals and predict HA effects on metal mobility.

3.2 Materials and methods

3.2.1 Sample collection and preparation

A total of thirty drilled municipal solid waste (MSW) core samples were collected
from four MSW landfills located in the UK at depths between 3 and 55 m. Different
cores were drilled vertically across the landfill area, and samples were taken by
a specialised private company hired by the landfill sites operator (Table 3.1). The
samples were grouped according to the depth of the buried MSW as follow: 3-9
m (2 waste samples), 23-30.5 m (3 waste samples) and 48-55 m (3 waste
samples). Each sample weight was measured, and Table 3.1 shows the average
and standard deviation to show how to spread out the values are in the samples.

pH analysis was made in duplicates. The samples were stored in a cold room at
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4°C until analysis. The samples sorted manually into metal, paper, textile, wood,

glass and other materials, and weighed.

Table 3.1. Waste composition of the samples collected from the studied landfill site
(Canapoli et al., 2020)

Total Depth Years pH Waste Paper/ Metals Glass/ Textile Wood Soillfine Other
number (m) sample cardboard (@) ceramic (@) (@) fraction (@)
of 9) (@) (@) ()]
samples
2 3-9 <10 11561 2493 356 69 1463 1776 3647 1757
Average 7.43 5781 1247 178 35 732 888 1824 879
SD 0.03 2148 1511 215 49 895 505 2013 241
3 23- >10 12762 1405 768 21 569 1092 6490 2417
30.5
Average 7.58 4254 468 256 7 190 364 2163 806
SD 0.02 1338 366 373 8 329 283 1628 571
3 48-55 >10 12892 1148 245 151 331 1321 5147 4549
Average 7.64 4297 383 82 50 110 440 1716 1516
SD 0.03 2264 491 93 35 98 294 1426 971

3.2.2 Leaching tests

The batch leaching tests were carried out following BS EN 12457:2002. Briefly,
50 g of raw material composite waste sample was mixed with 500 ml deionised
waste to evaluate the level of metals released from the waste in a wide range of
pH values in the controlled site. Before the leaching test, the samples were
ground to a size of <1.5mm using a Retsch SM 2000 grinder. The analysis was
carried out for six pH values; 2, 4, 6, 7, 8, 10. The pH was adjusted using 1.8 M
nitric acid solution or 1 M sodium hydroxide solution. All leaching tests were made
in duplicates. The tests were conducted in a 1500 mL cylindrical jars with ribbed
cap. The experiments were performed with liquid-to-solid ratio 10:1, which
represents typical field conditions (Bestgen et al., 2016) (L/S, where L is
deionised water, and S is solid waste, mL g). The jars were manually agitated for
3 repetitions of 5 minutes with 10-minute intervals between repetitions. The

mixture was then allowed to settle for 30 minutes and then was pressure filtered
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through clean 0.45-um pore size filtration membranes and then collection of the
leachate. The leachate was collected in polyethene bottles and stored in a cold

room at 4°C until metal analysis and performed analysis within three weeks.

3.2.3 Humic acid analysis

A stock solution of HA was prepared by dissolving 1 g of HA in 1 L of deionised
water for investigating the impact of the presence of HA in leachate on the
leachability of metals. HA content was determined by ultraviolet light absorbance
at 254 nm. The values were converted using a calibration curve. For that purpose,
serial dilutions of the concentrated HA stock solution were prepared: 1, 2, 5, 7,
10, 15, 20, 50, 100 mg. Samples for UVazss were filtered through 0.45 pm
membrane filter. UV2s4 was measured through a 1 cm quartz cell. The test was

conducted in duplicate.

Table 3.2. Common properties of HA (Adapted from Chamoil, 2013, Sillanpaa, 2015)

Elemental Functional group distribution
composition (% by HA (% of oxygen is indicated in HA
weight) functional groups)
Carbon 50-60 Carboxyl (-COOH) 14-45
Hydrogen 4-6 Phenol (-Ph) 10-38
Oxygen 30-35 Alcohol (-R-OH) 13-15
Nitrogen 2-4 Carbonyl (-C=0_ 4-23
Sulphur 1-2 Methoxyl (-O-CHs) 1-5
Solubility in strong Not soluble
acid

3.2.4 Metal analysis

The metals content was analysed by inductively coupled plasma mass
spectrometry (ICP-MS) (Elan 9000 Perkin-ElImer SCIEX) after microwave-
assisted acid digestion following the extraction procedure used in previous
studies (Gutiérrez-Gutiérrez et al., 2015; Cipullo et al., 2018; Wagland et al.,
2019). Briefly, Li, Al, Cr, Mn, Co, Ni, Cu, Zn, As, Cd, Pb, and Hg were determined
by pre-digesting 30 mL leachate with 1.5 mL concentrated trace metal grade nitric

acid for leachate samples. For solid samples, 0.5 g of samples was mixed with 6
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ml of HCI and 2 ml nitric acid in Teflon tubes and left overnight. The vessels for
leachate samples were placed in the Mars Xpress microwave (CEM system, EPA
3015-8). Then, the vessels were cooled, and the solution was filtered through
Whatman No. 2 paper and made up to 50 ml with deionised water. As for the solid
samples, they were placed in a microwave digester (Multiwave 3000, Anton paar)
for 45 minutes at 800 W, and then the solution was filtered through Whatman No.
2 paper, and the liquid diluted to 100 ml. A blank digest was carried out in the
same way. The microwave is an efficient and fast digestion technique method.
Calibration standards were spiked with several certified standard solutions. The

concentration ranges were 0.05, 0.1, 0.15 and 0.2 mg/L/ for the elements.

3.2.5 Geochemical modelling

Visual MINTEQ ver. 3.1 software program was used to estimate the chemical
species and the equilibrium mass distribution of dissolved metals in leachate
according to different pH and HA value. Data inputs included pH, alkalinity,
temperature, and dissolved organic carbon (DOC). A temperature of 25 °C was
used for all the model calculations. A sensitivity analysis of the model was
performed. The sensitivity analysis is based on the elementary effect method
(Morris, 1991). The sensitivity analysis was undertaken to identify the organic
matter important in controlling metal speciation. The sensitivity analysis was run
individually on each data set by compiling the data form, responding to changes
in the fraction of active SOM by independently varying SOM in the range 10-
100%. The range was used in a sensitivity analysis for organic matter, while
keeping other constituent constant. The Stockholm Humic Model was selected to
evaluate metal(loid)s binding to humic acid due to its known success in describing
metal and DOC complexation (Baker, 2012). Typically, fulvic acid (FA) is more
abundant than humic acid (HA). However, to better understand the effects of
humic acid has on metal(loid)s leaching, of the active the total solid organic matter
(SOM), humic acid set as 90 % and fulvic acid formed as 10%. The input values
used included total concentrations of metals Li, Al, Cr, Mn, Co, Ni, Cu, Zn, As,

Cd, Pb, and Hg and ionic strength was also considered.
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3.2.5.1 Modelling process

Modelling has been used in various leaching operations to understand the
process and subsequently help in decision making (Ramasami et al., 2019). The
first step on modelling is to answer the question: Why is modelling required for
the model study? What are the resources available for the modelling? Then set
up the model into a specific model that can be run in the selected model to be
able to reach the aim. In order to determine whether the release of metal is
solubility controlled or sorption controlled, modelling was carried out on all
samples subjected to pH-dependent test (Gustafson, 2014). The equilibrium
speciation model was based on precipitation/dissolution/complexation
equilibrium reactions. The parameters needed for model inputting included the
concentrations were obtained after the best test for the pH-dependence
experiment. The major components and metal-binding ligands such as PO4* and
S04 were based on the determined values for the over 10 years old landfill
leachate. The log K values of the aqueous species refer to the default values in
Visual MINTEQ. This model was set to simulate and predict metal leaching

behaviour from landfill leachate.

3.2.6 Statistical analyses

Multivariate analysis was performed using SPSS 26 software to identify
statistically significant variance between the dependent variable tested and effect
on the metal(loid)s leachability. A multivariable study was conducted considering
the correlation matrixes. In these matrices, each individual square contains the
ordinal coefficient of Spearman which varies between 1 and -1 and the
significance level of estimated correlation for each pair of variables (Bisquerra.

1989). Significance level was set at 0.05.

3.3 Results and discussion

3.3.1 Influence of depth

The concentration of metal(loid)s in the waste samples (according to depth) are
provided in Table 3.3. Among all metal(loid)s, Hg had the lowest concentration,

and Al was the highest. Intense source reduction efforts have been implemented
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to reduce the Hg content in municipal waste landfills, resulting in Hg is not
expected as a high concentration in MSW (Cheng and Hu, 2011). The
concentrations of metal(loid)s tend to have a higher concentration at 3-9 m than
other depths, indicating greater depth may reduce hydraulic permeability and
increase waste densities. This is likely due to higher proportions of non-degraded
organic materials distributed variably in the surface waste layers; higher organic
carbon may increase soluble metals while organic matter bound to solil particles
may enhance the retention of metals (Frank et al., 2017). The concentration of
Mn and Cd at 3-9 m was remarkably higher than other metals; the composition

and distribution of the sample may cause it.

Table 3.3. The concentration of metal(loid)s in the MSW according to depth

Li (mg/kg) | Al (mg/kg) | Cr (mg/kg) | Mn (mg/kg) | Co (mg/kg) | Ni (mg/kg)
3-9m 34 22,200 78 4,620 19.2 104
23-30.5m | 22 21,300 52 980 10.2 90
48-55m 28 26,500 76 800 15 68

Cu (mg/kg) | Zn (mg/kg) | As (mg/kg) | Cd (mg/kg) | Pb (mg/kg) | Hg (mg/kg)
39m 1,062 2,950 40 5,410 5,036 8.8
23-30.5m 1,256 750 8 1.56 3,534 4.2
48-55m 320 594 20 1.66 506 3

Therefore, metal(loid)s in the surface layer from the old MSW landfill have a
higher concentration because degradation occurs slower than at deeper depths.
This finding is in agreement with the findings of Reinhart et al. (2002), suggesting
lower layers undergo limited waste stabilisation. Previous studies also found the
composition of organic fine materials to increase with depth (Mor et al., 2006;
Quaghebeur et al., 2013; Lozano-Garcia et al., 2016). It consequently increases
the complexation of metal(loid)s in organic waste residuals, and therefore metals
are firmly bound to the compost matrix and organic matter, limiting their solubility
with increasing depth (Smith, 2009). The composition of waste each landfill
received, distribution of the waste, and landfill area background can influence the
accumulation of certain metals and its content. There were observed significant
negative correlations between depth and Li, Pb, Hg (p < 0.05), As and Cd

concentration (p < 0.01). This is likely influenced by the metal content of the waste
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dispose and the binding of these metals within the landfill depths. The mobility of
metals within solid waste are influenced by metals’ complexation and by
adsorption onto molecules of the waste (Adelopo et al., 2018). The concentration
of Zn, Pb and Cu at 48-55 m was relatively lower than at 3-9 m and 23-30.5 m,
implying Zn, Pb and Cu released in the upper layers may be immobilised by
holding the metals through enhancing the formation of metal complexes in MSW
that is over 10 years. It may indicate that Zn, Pb and Cu form strong complexes
within stabilised organics. The strong metal sorption properties of compost
produced from MSW have less opportunity for recovering metal in deeper depth
landfill environments. The results demonstrate that waste composition influenced
the composition of metals that can be recovered within a different layer of waste
and aged. The amount of metals recovered in the surface layer of the landfill may

be potentially increased, as shown in Table 3.4.

Table 3.4. Percentage change of metals at different depths relative to 3-9 m

Li Al Cr Mn Co Ni
Change of 23- 53.61 4.23 49.03 373.04 50.33 14.34
30.5m
Change of 48- 20.92 -16.23 2.67 472.73 1.78 51.71
55 m
Average 37.26 -6.00 25.85 422.88 26.06 33.02
Variance 267.17 104.57 537.44 2484.51 589.21 349.11
Cu Zn As Cd Pb Hg
Change of 23- -15.52 293.33 365.65 348178.97 42.56 106.30
30.5m
Change of 48- 232.81 397.19 111.07 325146.49 894.08 199.77
55 m
Average 108.65 345.26 238.36 336662.73 468.31 153.04
Variance 15416.71 | 2696.60 16202.26 | 132623748.9 | 18127.6 2184.25

However, depth was not found to influence significantly the concentration of
metal(loid)s recovered. This finding is consistent with the previous study of
Gutiérrez-Gutiérrez et al. (2015) who reported that there is no clear pattern
between metal concentrations and the depth of the waste. As waste would
undergo different stages of degradation over various landfill ages, and

composition, it is not appropriate to compare heavy metal contents sampled at
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different depths. Through waste materials disposed of in the landfill are the
primary sources of metals in the landfill environment and leachate. Thus, further
research is required to identify the factors controlling metals distribution, oxygen,
which affects the redox at the site and the effect of waste composition on metals

content for increasing economic viability in recovering metal.

3.3.2 Influence of pH

It is well known that pH plays a key role on the behaviour and speciation of
metal(loid)s (Riba et al., 2004). Extracting metals from landfills and their leachate
can hardly be regarded as environmentally friendly and operational cost-effective;
therefore, it is crucial to recovering certain high value and amount metals. Thus,
we need to find a pH value or range that maximises recovery of a wide range of
metal(loid)s, especially those of high added value or demand such as Li and Co.
(Tang and Steenari, 2016). Therefore, the release of metal(loid)s was examined
in a broader pH range between pH 2 and 10 (Fig. 3.1). It was noted that the
release of metal(loid)s was found to be higher in the lower pH range, especially
at pH 2 (Fig. 3.1). According to the values of Pearson correlation coefficient, Mn,
Co, Ni and Zn show a strong negative correlation (p< 0.01) with pH. The leaching
amounts of metals tended to decrease from roughly 99% to 32% with increasing
alkalinity of the leaching solution, although some metal elements were increased
at alkaline conditions. The decrease of metal leaching amount in alkaline
conditions may be caused by precipitation or sorption processes (Dijkstra et al.,
2006). The effect of pH on metal leachability also differs among different
metal(loid) species. However, the maximum amounts are released at pH 2 for all
metals. Table 3.5 shows the recovery rates for the metals from the concentration
of the initial metals found in the waste solid.
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Figure 3.1. The leached concentration values of 12 metals in MSW landfills, following

the depths (3-9, 23-30.5, 48-55 m) and pH values (2, 4, 6, 7, 8, 10)
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The limited release was increased in at pH 8, except for Hg. At high pH of 8-10,
solubility of metal(loid)s can increase to a certain extent since metals can form
stable and soluble complexes with hydroxyl and dissolved organic carbon or are
released from the dissolution of sulphide minerals (Ho et al.,, 2012). The
concentration of heavy metal tends to increase again in alkaline condition, which
is related to the formation of soluble metal hydroxides (Fig. 3.1) (van der Sloot et
al., 2003; Cappuyns and Swennen, 2008; Krol et al., 2020).

Table 3.5. Recovery rates of metals at pH 2 and at different depths (3-9,23-30.5, 48-55

m)

Co (%) cd (%) Zn (%) Mn (%) Ni (%) Li (%)
3-9m 89.91 96.74 78.42 78.64 61.41 83.5
23-30.5 m 98.03 91.42 86.22 81.23 83.46 64.52
48-55m 98.66 89.98 96.63 95.87 80.98 59.86
Average 95.53 92.71 87.09 85.25 75.28 69.29
Variance 15.87 8.44 55.65 57.52 97.18 104.58
As (%) Cu (%) Pb (%) Al (%) Cr (%) Hg (%)
3-9m 47.46 97.96 99.93 75.07 50.22 10.99
23-30.5m 70.99 7.77 7.20 8.37 11.29 1.33
48-55 m 48.79 59.67 57.11 31.82 30.13 3.34
Average 55.75 55.13 54.75 38.42 30.55 5.22
Variance 116.51 1365.9 1436.1 763.32 252.63 17.33

The results are inconsistent with Krol et al. (2020), who reported a significant
decrease in the concentration of Ni and Cr at pH 8 and Cu at pH 9. The results
showed that As and Cr release was low at neutral or slightly acidic pH. However,
they showed the highest leachability at pH 2; it caused by the dissolution of iron
oxides that are the main components that bind to them in soils (Krysiak and
Karczewska, 2007, Gersztyn et al., 2013). They notably showed the second-
highest concentration at pH 8, which may be attributed to the mechanism of pH-
related anion desorption, replacement of oxy-anion forming elements and their
bound in the sorption complexes by hydroxide ions. The most important
mechanism of As and Cr, which are oxyanion forming elements, is to be due to
the dissolution of the organic components, including HA (Gersztyn et al., 2013).

The characteristics of Cu solubility is in alignment with the findings of Cappuyns
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and Swennen (2008), who reported Cu is characterised by a lower solubility in
the pH-range 2-6. The release of Al followed an amphoteric leaching pattern (Fig.
1), which is similar to results reported in previous studies (Zhang et al., 2016; Cui
et al., 2019). The minimum leaching concentration occurred at pH 7. Cd release
amounts decrease as the pH increases at acid condition, but the reduced
amounts are not so much above pH 6. It may be due to the precipitation of the
metal sulphide phase, resulting in Cd being pyritised (Morse and Luther, 1999).
The release amount of Ni was lower at pH 7 for 3-9 m, pH 6 for 23-30.5 m and
pH 10 for 48-55 m. The characteristics of Mn and Zn solubility follow the cationic
pattern in which the concentration of metal element steadily decrease with pH.
Chromium recovery trend was identical to that of As and Al (Fig. 1). Zn recovery
was similar to that of Mn and Cd, which can be observed in Krol et al. (2020). Cu
showed that similarity tendency with Pb. Pb are maximum 41 to 50 times more

released at the pH 2 compared the leaching amount in the range of pH.

Overall, metal cations are most mobile in acidic conditions as shown in Figure 2.
In contrast, anion release increase towards high pH. These results are consistent
with the previous study of van der Sloot et al., (2003). However, the release of
metals does not always show a similar trend as the leachability of metals can
change depending on the type and composition of the tested sample. In the case
of Cu and Pb, the leachability curve typically makes V or U shaped (van der Sloot
et al., 2003; Cappuyns and Swennen, 2008; Sloot et al., 2010). However, this
study Pb does not show a clear upward trend between pH 8 to 10. But it still
showed that Pb solubility increase at high pH of 8-10. Al, As and Cr presents a
V-shape, similar to results reported in the previous studies (Rubions et al., 2011,
Cui etal., 2019). The most pH-dependent metal was Mn in this study. Metals from
landfill leachate are typically present in low concentrations; therefore, more
effective and selective recovery methods under acidic conditions need to be
determined for efficient recovering metal from landfill environments. In this study,
the leaching of metal(loid)s from MSW at pH 2 and 4 gave the most efficient metal

release and showed high concentration at pH 8.
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Metal(loid)s leachability is highest when hydrolysis, fermentation and acetogenic
bacteria dominate, due to an accumulation of VFA, and a pH decrease (Fig. 3.2).
Previous studies showed that significant heavy metal leaching occurs during the
initial stage of the landfill and pH values have a direct influence on metal mobility
(Yao et al., 2014; Yao et al., 2017).

Metal Time ;
Organic material Leachate pH value leaching (Days) Formation
Hydrolysis/Aerobic | | CO:H20 Ly
degradation
Hydrolysisand | o/ U&:Eg;;:g 5 Around 7.3 Low
Fermentation Ammoniacal nitrogen medium
P - N Acetic acid e Around 5 Peak
H2,CO2
: Around 8 Low Formation of
Methanogenesis > CH4, CO: > 600 metal sulfides
Oxidation - CO: . Stable organic
compounds
are farmed
Y
Age Leachate pH value
<5 years 6.5
5-10 years 6.5-7.5
> 10 years >75

Figure 3.2. Metal leaching process in a landfill and leachate pH value (Adapted from
Zainol et al., 2012, Adhikari et al., 2014)

However, depending on metal(loid)s, the characterisation of pH may differ, such
as Cu having the amphoteric character, thus forming soluble anionic species,
and strong acidic conditions can cause environmental problems due to most
organisms cannot tolerate the conditions (Breeze, 2018; Krol, et al., 2020). For
this reason, a suitable pH value for each metal must be determined to fit the entire
metal(loid)s recovery process by adjusting the pH value to the desired range and
understand the character of metals with pH value. Further research should also
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develop alternative methods for recovering metals such as biodegradable
extraction agents using organic acids (e.g. humic or acetic acid) to reduce

reliance on strong acid.

3.3.3 Humic acid in the landfill

HA has a high sorption capacity, which makes them capable of holding metals.
Therefore, metals may be retained and are not leached out easily. HA leaching
tends to increase with the increase of depth (Fig 3.3). As depth is increased, the
humification process increases. HA is weakly acidic with carboxylic-and phenolic-
OH groups (Prado et al., 2011).

Humic acid

depth

con (g/m3)

depth con (g/m3)

Figure 3.3. The leached concentration values of humic acid in MSW landfills, according

to depths

The correlation between pH, metals, and HA is shown in Figure 3.4 (Details in
appendix Figure B.1) Four metals among 12 metal(loid)s are illustrated in Figure
3.4. Liand Co are shown as they are critical raw materials and Al has been shown
as there are concerns justifying focused recovery due to high content in the
landfill. There was a strong positive relationship between pH and HA, i.e., HA
leaching increases in higher pH value. Adsorption of organics on the surfaces
would therefore be affected by pH. The amount of HA increased by 2% to 4% at
pH 10 compared at pH 2 and increased by 0.4% to 4% as depth increased. The

results may indicate that HA is not soluble at acidic conditions and become most
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soluble from pH 6. It may be due to carboxyl groups on HA be ionised in alkali
condition. The ionisation would lead to a negative charge on HA molecules. Thus,
HA is more leachable in alkali conditions due to lowered adsorption. This finding
is in agreement with Sehaqui et al. (2015), who found that HA adsorption
gradually increases with decreasing the pH. HA is known to bind metals to their
hydroxyl and carboxyl groups, and either mobilise metals or delay their release
(Leung and Kimaro, 1997; Bozkurt et al.,, 1999; Kochany and Smith, 2001;
Klavinsa et al., 2006; Gutiérrez-Gutiérrez et al., 2015). Strong negative
correlations were found between HA and Co, Ni, Zn (p <0.01) and Mn (p < 0.05).

The Visual MINTEQ has been adopted to describe metals speciation in the
leachate (Table 3.6). As significant numbers of closed landfills exist in the UK and
across Europe, the model input used the batch test results at depth 48-55 m,
which would be similar to the closed landfills parameters. The Stockholm Humic
Model (SHM) was used to assess metal binding to HA. The results show that Li
does not much affect by pH. However, all the metals show that high leachability
at pH 2.

48


https://www.sciencedirect.com/science/article/pii/S0956053X15003190#b0220
https://www.sciencedirect.com/science/article/pii/S0956053X15003190#b0025
https://www.sciencedirect.com/science/article/pii/S0956053X15003190#b0205
https://www.sciencedirect.com/science/article/pii/S0956053X15003190#b0200

Figure 3.4. Draftsman’s plot resenting the relationship between waste depth (m), pH,
metal (mg/L) and HA (mg/L)

The geochemical analyses also showed that HA accelerated metals leaching.
This finding is in good agreement with the previous study of Usharani and
Vasudevan (2016), where an increase in HA concentration increases the heavy
metal leaching from sewage sludge. Cu, Pb, Ni, and Zn were all significantly
affected by the presence of HA as their leachability increase roughly 6-17 %,

especially at below pH 6 (Fig. 3.5).
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Figure 3.5. The leached concentration values of 12 metals at different humic acid

concentration (0, 28, 50 and 100 mg/L)

50



Results expressed that a high concentration of HA can leach out metals but can
be in lesser concentration depending on the metal, indicating that the visual
MINTEQ model could predict free ion/labile species efficiently under different
environments, such as the acidic environment. With an increase of HA
concentration, the improvement of metal leaching rate is not apparent, which may

be due to excessive HA can chelate with metal ions and reduce metals release
(1).
(1) ROH + Cd?* <—> ROCd* + H*

Metal ions can effectively chelate heavy metals, thus delay their release; in
aerobic conditions, the HS lose their binding properties. In addition to chelating
metals, HA is applied in the bioremediation of environmental contaminants as a
redox mediator (Maurer et al., 2012; Liu et al., 2018). HA is redox-active for
enhancing microbial reduction of nitrate, implying their great potential for acting
as a redox mediator in enhancing multiple microbial reductions, resulting in
affecting various biogeochemical processes (i.e., iron cycle, nitrogen cycle, etc.)
as well asin situ remediations in an anaerobic environment (Zhang et al.,
2018). The leaching efficiency of HA shows that be comparatively higher at pH 4
to 6. Most metals can be found at the beginning of the humic phase (Bozkurt et
al., 1999; Gutiérrez-Gutiérrez et al., 2015). Therefore, Fig. 3.3 showed the sharp
contrast which metal(loid)s release in acidic conditions and HA release in alkaline
conditions. Chelate compounds “hold” metal and, in consequence, it can be
immobilised metals in landfills. This is probably due to the distinctive ring structure
of chelate compounds, in which metal ion is surrounded by a molecule like, for
example, humic compounds (Zhou et al., 2015). Computer modelling revealed
that the HA could strongly bind metals. Also, it showed that higher pH is more
effective HA binding with metals and metals are more soluble at lower pH. These
are caused by the fact that at lower pH values, less acidic functional groups on
the DOM molecules were Deprotonated and available for metal binding
(Stevenson, 1994). However, Li, Co, and As do not much affect by organic matter.
Even the HA dominated DOC fractions in leachate, the leaching potentials for FA-
metals complexes leaching out were relatively high. The solubility and

complexation ability of HA is related to their interactions with metal(loid)s and
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other environmental conditions. This interaction leads to the formation of metal
complexes and chelates, which influence leaching amounts of metal(loid)s, and
the main factor influencing the interactions of HA with metals is pH value.
According to the modelling results especially, Cu and Pb were bound very
strongly in metal ion-humic complexes. In the acid to neutral pH range, HA is a

vital biding constituent for metal(loid)s.

Table 3.6. Recovery of selected metal(loid)s species in the leachate sample at 48-55m
depth by visual MINTEQ (content: %)

Li Al Cr Mn
Speciation Content Speciation Content Speciation Content Speciation Content
Litt 96.05 Al(OH)2* 0.13 Cr(OH)z*1 3.12 Mn*2 20.37
LiF (aq) 0.05 Al(OH)3 (aq) 2.45 CroH*2 0.18 MnOH* 0.02
LiCl (aq) 0.46 Al(OH)a- 95.93 Cr(OH)s (aq) 68.22 MnF* 0.11
LiSOa4- 0.062 AlF2+ 0.28 Cr(OH)4 0.02 MnCI* 0.09
LiHPOa. 3.38 AlFs (aq) 0.83 IHASCr2(OH)2*(s) 4.92 MnSO4 (aq) 0.22
AlFa. 0.17 IFA:Cr*(aq) 0.07 MnNH3*2 0.01
AHPO4+ 0.07 IFA3Cr2(OH)2*(aq) 23.46 MnHPO4 (aq) 52.97
Al2(OH)2CO3*2 0.08 MnHCO3z* 3.75
IFA-AIOH(aq) 0.04 MnCOs (aq) 21.86
/HAMN*(s) 0.03
/FAMnN*(aq) 0.58
Co Ni Cu Zn
Speciation Content Speciation Content Speciation Content Speciation Content
CoOH*2 87.89 Ni*2 22.51 Cu*? 0.50 Zn*? 19.98
Co(NH3)5CI*? 12.11 NiOH* 0.09 CuOH* 0.51 ZnOH* 0.64
NiF* 0.07 Cu(OH):2 (aq) 0.05 Zn(OH)2 (aq) 0.40
NiCI* 0.04 Cu(NH3)2*? 0.08 ZnF* 0.07
NiSOa (aq) 0.27 CuNHz*? 0.41 ZnCl* 0.26
NiNHz+2 0.92 CuHPOx4 (aq) 6.57 ZnS04 (aq) 0.26
Ni(NHz)2*2 0.01 CuCOs (aq) 63.61 ZnNHs*? 0.25
NiH2PO4* 0.06 CuHCOs* 0.29 ZnHPO4 (aq) 40.32
NiHPO4 (aq) 19.83 Cu(COs)22 23.20 ZnCOs (aq) 24.62
NiCOs (aq) 17.91 [HA2Cu(S) 0.02 ZnHCOs* 5.84
NiHCO3* 25.63 /HACU*(s) 0.09 Zn(C03)22 1.16
/HANi+(s) 0.56 /HA2CUOH=(s) 0.03 [HAZn*(s) 0.15
/FANi+(aq) 12.10 /FA2Cu(aq) 1.15 IFAZn*(aq) 6.04
/FACuU*(aq) 0.82 IFA2Zn(aq) 0.03
/FA2CuOH(aq) 2.63
As Cd Pb Hg
Speciation Content Speciation ‘ Content Speciation Content Speciation Content
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HaAsO3 94.84 Cd*2 13.40 Ph*2 0.88 Hg(OH)2 2.83
H2AsO3. 5.16 CdOH* 0.03 PbOH* 0.71 HgCl (aq) 8.70
CdF* 0.04 PbF* 0.02 HgCls 0.98
cdcr 5.71 PbCI* 0.14 HgCls2 0.07
CdCl2 (aq) 0.16 PbSO4 (aq) 0.03 HgCIOH (ag) | 11.07
CdS04 (aq) 0.19 PbHPO. (aq) 1.09 Hg(NH3)2*2 9.85
CdNHs*2 0.37 Pb(COs)22 22.33 HgCOs (aq) 0.08
CdHPO: (aq) 66.38 PbCO: (aq) 64.11 Hg(CO3)22 0.03
CdHCOs* 3.92 PbHCO3* 6.50 HgOHCO3 0.71
CdCOs (aq) 6.73 IHAPDb*(s) 0.14 THAZHg(s) 2.86
Cd(CO3)z2 0.66 THAZPD(s) 0.05 IFAzHg(aq) 62.83
IHACd*(s) 0.12 IFAPb*(aq) 2.58
IFACd*(aq) 2.28 IFA2Pb(aq) 1.42

3.4 Conclusion

The leaching performance of metal(loid)s and HA from MSW at various pH was
investigated. Batching leaching tests showed that the optimum conditions were
pH 2 and HA 28 mg/L for recovering a broad range of metal(loid). Al, Mn, Cu and
Zn may suggest recovery opportunities as their contents in MSW are high.
Analysis of the mobility of the metals through the MSW suggested that these
metals are not being vertically transported completely, and no clear pattern was
identified between the release of the metals and depths due to waste would
undergo different stages of degradation over various landfill ages, and
composition. However, the metals showed higher concentrations in the surface
layer in MSW. The recovery rates at different depths are following: Pb > Cu > Cd
>Co>Li>Mn>2Zn>Al>Ni>Cr>As >Hgfor3-9m, Co>Cd>2Zn > Ni>Mn
> As > Li>Cr>Al>Cu>Pb>Hgfor 23-30.5m, Co>2Zn >Mn > Cd > Ni > Li >
Cu > Pb > As > Al > Cr > Hg for 48-55 m. For most metals, their concentrations
have decreased with increasing pH. Analysed metals increased at pH 8 except
Hg. HA are sparingly soluble in acidic pH. HA promote metal mobilise, but an
additional amount of humic acid may assist metals removal. High levels of HA
can lead to extensive complexation and chelation of metals. Metal recovery in
MSW landfill may have high efficiency in the surface layer, at pH 2 and 4, with an
appropriate HA concentration. However, the relationship between HA and metals
is still unclear. The capability of humic acid for interactions with metals is strongly

dependent on pH. Therefore, further work is required to explore the mechanism
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of the organometallic process because it can govern the mobility of metals,
resulting in enhanced sustainability and economic opportunity by recovering

metals by understanding these effects on metal mobility.
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4 Increasing recovery opportunities of metal(loid)s in MSW
landfill leachate: role of recirculation

The finding in this chapter presented the opportunity to enhance the metals recovery rate

from landfill leachate using leachate recirculation.

4.1 Introduction

Natural resource exploitation is accelerating in the face of resource decline, while at the
same time, people are generating ever-growing fluxes of wastes (Velenturf et al., 2019).
Metals are an essential part of modern living. Not only that but metals such as Li, Ni, Co,
Mn and Al are also required to produce electric cars, solar panels, wind turbines and other
clean energy technologies, which will help the climate crisis (IEA, 2021). Ensuring the
future supply of metals is a critical issue in science, politics, and economics because the
available amount of mineral resources is limited (Rotzer and Schmidt, 2018). Landfills are
the most common method of waste disposal worldwide (Tongue et al., 2019) and are also
regarded as secondary stocks and resource reservoirs for the future recovery of valuables
(Bhatnagar et al., 2017). Therefore, the concept of Enhanced Landfill Mining (ELFM) has
been proposed (Quaghebeur et al., 2013). One of the main reasons for ELFM is the
valorisation of waste materials excavated, such as metals from landfills (Quaghebeur et
al., 2013). However, it is not always economically viable and can cause unfavourable
odour, escape of leachate and air pollution (Vaverkov4, 2019). The liquid that has
percolated through and been generated by decomposition waste material is known as
leachate. It is considered one of the types of wastewaters with the most significant
environmental impact because of high concentrations of organic matter, ammonium and
heavy metals which, can be an excellent opportunity to recover resources from a wide
range of substrates (Iskander et al., 2016). Several studies investigated that landfill
leachate comprise recoverable metals (Iskander et al., 2017; Kurinawan et al., 2021).
However, there are also limitations associated with the method to meet the need for
metals recovery in landfill leachate (Lee et al.,, 2022). The critical limitation on metal
recovery from leachate is the low concentration of metals and yield; therefore, it is not

economically viable overall. The key challenges to recovering metals from leachate are

55



economics and in maximising the concentration of metals (Lee et al., 2022). Leachate
recirculation may be a crucial key in overcoming the limitations. some studies have shown
that the initial stage of leachate recirculation had low pH (5-6) due to the acidification
stages, resulting in relatively high concentration of metals (Bilgili et al., 2007; Qu et al.,
2008). Leachate recirculation can increase the chloride content, which is an important
controlling factor for metal release. Chloride affects the release of metals through the
binding the metals on humic acids and the adsorption of metals (Begeal, 2008; Damikouka
and Katsiri, 2020). The transition to a more circular economy, where the value of end-of-
life products and waste materials is extended, reduces potential remediation costs
accrued when land used for waste disposal needs to be reclaimed for contemporary
purposes (Hageluken et al., 2016; Savini, 2021). Leachate recirculation can be used as a
relatively controlled anaerobic filter to treat leachate, provide accelerated waste
stabilisation, reduce the volume of leachate by maximising evaporative losses during
recirculation, and minimise leachate migration into the subsurface environment while
recovering valuable metals (Bilgili et al., 2007). Therefore, leachate recirculation in
municipal solid waste (MSW) landfills contributes towards achieves a more circular
economy. However, limited research has been conducted to investigate the influence of
recirculation on metal recovery. Therefore, the main purpose of this research is to
determine the effect of leachate recirculation on metal recovery. Different ages of leachate
samples were used for the experiment to investigate the influence of leachate age on
metal recovery. A recirculation experiment of leachate was performed in the laboratory
with 10 cycles to estimate the chemical consumption as well as the recovery of the
metal(loids). The analysis includes the recovery of 12 metal(loids), including critical raw
materials which are subject to supply risks and, for which there are limited natural

alternatives.

4.2 Materials and methods

4.2.1 Sample collection and preparation

Different ages of municipal solid waste (MSW) and leachate samples were collected from
two MSW landfills located in the UK. The old waste sample was collected in south
Gloucestershire from a landfill in operational between 1841 to 1991 without engineered
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controls. The old landfill received 60,000 m? of inert, industrial, commercial and household
waste. Older landfill leachate was collected in Elstow landfill, which is a closed site that
was operated by Bedfordshire County Council. Leachate, used for the old waste from the
site, was extracted and treated through an onsite Sequencing batch reactor (SBR)
leachate treatment plant. The young waste sample was collected in Suffolk. The landfill
receives minerals, mixed municipal waste and other waste from the mechanical treatment
of waste. Leachate for the young waste was collected from the same site where the waste
sample was collected. The samples were taken by a specialised private company hired
by the landfill sites operator. The samples were stored in a cold room at 4°C until analysis.
The waste samples were sorted manually into metal, paper, textile, wood, glass and other
materials, and the composition of the samples in this experiment by wet weight are in
Table 4.1.

Table 4.1. Composition of the MSW samples collected from the studied landfill sites

Samples | Years | Waste Paper/ Plastic | Metals | Glass/ Textile | Wood | Soil/fine | Other

no. sample | cardboard | (g) (@) ceramic | (g) (9) fraction | (q)
©) ©) ©) ©

1 <10 62230 1410 4623 224 10 520 842 54437 164

2 >1 59470 4692 7094 2212 3663 3911 1112 35944 762

4.2.2 Experimental setup

Two sets of semi-pilot scale columns were set up without biogas production monitoring.
Each opened Perspex column was 0.21 m in diameter and 1.02 m in height, with a working
volume of 4 L. One of the columns was filled with young waste (> 1 year old), and another
column was filled with old waste (<10 years old) and the same weight of waste (10 kg)
was placed in each column. In order to make comparison possible among different
compositions from the samples, the samples were mixed well together manually. The
outlet port at the bottom was used for recycling leachate using a peristaltic pump. Gravel
was filled at the bottom of the column to a height of 0.05 m to serve as a drainage layer
and prevent clogging of the leachate outlets. Waste was filled into the column and
compacted to a height of 0.25 m. Cover layers consisting of 0.1 m sand were placed on
top of the waste samples to decrease the amounts of air penetrating the column. Leachate
was collected and stored in the leachate collection tank. Less than 100 mL/d flow rate for
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peristaltic pumps with leachates are very few, and it is likely to get blocked. Although a
high recirculation flow rate can accelerate the stabilisation of landfills, excessive
recirculated leachate will impose a heave working load on the leachate collection system,
which is not secure and cost-effective (Feng et al., 2018). Therefore, leachate was
continuously recirculated using the peristaltic pump with adjusted flow rates (800 mL/day).
The average landfill size is 600 acres, where the leachate recirculation flow rate can be

adjusted as 815 ton/d.

Sand ]
Pump an Column size

Length 1.02 m
Width 0.21 m

m Sample
— ¢ collector

Figure 4.1. Schematic diagram of the column percolation test

4.2.3 Sampling and analytical methods

Leachate samples were collected from the leachate outlet port (250 mL). In order to keep
the volume equilibrium of leachate before recirculation, the same volume of tap water (250
mL) was added to the leachate after sampling. The leachate was collected in polyethene
bottles and stored in a cold room at 4°C until metal analysis and performed analysis within

three weeks. The samples collected were analysed for pH, chemical oxygen demand

58



(COD), redox potential, total organic carbon (TOC), volatile fatty acid (VFA), and
conductivity (Table 4.2).

Table 4.2. Physico-chemical parameters and methods of analysis

Parameters Instrument used to
identify the parameters
pH Electronic pH meter
Conductivity Conductivity meter
TOC Shimadzu TOC-V
COD Photometer
Redox potential Redox potential meter
using micro-electrodes
VFA High-performance liquid
chromatography

4.2.4 Metal analysis

The metals content was analysed by inductively coupled plasma mass spectrometry (ICP-
MS) (Elan 9000 Perkin-Elmer SCIEX) after microwave-assisted acid digestion following
the extraction procedure used in previous studies (Gutiérrez-Gutiérrez et al., 2015; Cipullo
et al., 2018; Wagland et al., 2019). Briefly, Li, Al, Cr, Mn, Co, Ni, Cu, Zn, As, Cd, Pb, and
Hg were determined by pre-digesting 30 mL leachate with 1.5 mL concentrated trace
metal grade nitric acid for leachate samples. For solid samples, 0.5 g of samples was
mixed with 6 ml of HCI and 2 ml nitric acid in Teflon tubes and left overnight. The vessels
for leachate samples were placed in the Mars Xpress microwave (CEM system, EPA
3015-8). Then, the vessels were cooled, and the solution was filtered through Whatman
No. 2 paper and made up to 50 ml with deionised water. A blank digest was carried out in
the same way. The microwave is an efficient and fast digestion technique method.
Calibration standards were spiked with several certified standard solutions. The
concentration ranges were 0.05, 0.1, 0.15 and 0.2 mg/L for the elements. In reporting
recovery rates of metals from the leaching test, the following method of calculation is

commonly used:
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Lc
Recovery rate = Tc x 100

Where Lc, leaching concentration of metal; Ic, initial metal concentration.

4.2.5 Statistical analyses

Multivariate analysis was performed using SPSS 26 software to identify statistically
significant variance between the dependent variable tested and its effect on the
metal(loid)s leachability. A multivariable study was conducted considering the correlation
matrices. In these matrices, each individual square contains the ordinal coefficient of
Spearman which varies between 1 and -1 and the significance level of estimated

correlation for each pair of variables (Bisquerra. 1989). Significance level was set at 0.05.

4.3 Results and discussion

4.3.1 pH and conductivity

Variations of pH and conductivity values of the leachate samples collected during its
recirculation are given in Fig. 4.2. Monitoring the pH during recirculation was one of the
parameters which made it possible to differentiate the various phase of degradation
(Christensen and Kjeldsen, 1989). Also, it is a great parameter to predict metal release,
as pH is one of the main factors, and the effect of pH on the speciation of metals is of
great significance to the migration of metals (Zhang et al., 2018). The pH was lower in
young landfill leachate compared to old landfill leachate, which was 7.05 and 8.44. The
pH value was decreased at the first recirculation cycle, which reflects the acidogenesis
phase. Afterwards, the pH value increased until six cycles in young landfill leachate and
four cycles in old landfill leachate, which might be due to the aerobic degradation of the
organic acid by the residual oxygen in the landfills. Values of pH remained relatively

steady at around 7.7 and 8.7 until the end of the experiment.

The conductivity of a solution reflects its total concentration of ionic solutes and measurers
of the solution’s ability to convey an electric current (Sekman et al., 2011). During
monitoring, the recorded electrical conductivity (EC) in the leachate varied between 11.65
and 13.52 mS/cm for young landfill leachate and 5.56 and 7.73 mS/cm for old landfill
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leachate. Strong negative correlations between the pH values and EC values were
obtained in the study. This finding is consistent with the previous study of Rychla et al.
(2011), who reported that the conductivity correlated negatively with pH. High values of
EC indicate the presence of dissolved inorganic materials in samples. The conductivity
values of leachate in both samples showed a decreasing trend by the recirculation cycle
and showed young landfill leachate has a higher EC value. This finding is in agreement
with the findings of Mousavi et al. (2021), suggesting the average EC showed that the
electrical conductivity decreased with the landfill age.
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Figure 4.2. Variations of pH and conductivity in the leachate from young and old landfill leachate;
1 recirculation cycle is linked to 25 days in a typical landfill, and 10 recirculation cycles are linked

to 150 days in a typical landfill with standard rainfall data

The decrease in conductivity in this experiment is assumed to bedue to the washout of
some easily mobilised ions (metals, chloride and sulphate) and a combination of other
factors, including the conversion of sulphate to sulphide under increasingly reducing
conditions, and the subsequent precipitation of sulphide as heavy metal-sulphides which

would tend to withdraw significant ionic strength from solution (Sekman et al. 2011).
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4.3.2 Oxidation-reduction potential (ORP)

The ORP values of the leachate collected during the ten recirculation cycles are given in
Fig. 4.3. The redox potential within a landfill determines the mechanism of waste
degradation (Bilgili et al., 2007). The initial cycle of recirculation resulted in low ORP
values. The ORP values decreased to 48.8 mV in young landfill leachate and 136.9 mV
in old landfill leachate at the first cycle. After the first cycle, the ORP values increased to
55.6 mV in fresh waste and 222.4 mV in old landfill leachate, indicating the prevalence of
anaerobic environmental conditions. ORP in old landfill leachate reached above 200 mV
after ten cycles. The measurements are consistent with Top et al. (2019) results, which
indicated a redox increase in leachate during aerobic degradation of MSW. However, the
result is inconsistent with James et al. (2004) and Ntwampe et al. (2008), who reported

that ORP decreased with increasing pH as old landfill leachate has a higher pH value.
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Figure 4.3. Variations of ORP in the leachate from young and old landfill leachate; 1 recirculation
cycle is linked to 25 days in a typical landfill, and 10 recirculation cycles are linked to 150 days in

a typical landfill with standard rainfall data

ORP has been considered as a crucial parameter in controlling the fate of pollutants in
the environments, particularly affecting the pollutant's reactions on the soil-water
interface. However, metals mobility is driven by various mechanisms that include

precipitation, sorption, and ORP. Therefore, ORP may be a key indicator of metal
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solubility. The result showed that the ORP values tend to increase by the recirculation
cycle, similar to results reported in the previous study (Bilgili et al., 2007). High redox

potential (aerobic conditions) causes accelerated degradation of waste (Shearer, 2001).

4.3.3 COD and TOC

The chemical oxygen demand (COD) and total organic carbon (TOC) concentrations of
the leachate collected during its recirculation are given in Fig. 4.4. Leachate consists of
many different organic and inorganic compounds that may be either dissolved or
suspended and biodegradable and non-biodegradable (Reinhart, 1996).
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Figure 4.4. Variations of COD and TOC in the leachate from young and old landfill leachate; 1
recirculation cycle is linked to 25 days in a typical landfill, and 10 recirculation cycles are linked to

150 days in a typical landfill with standard rainfall data

The leachate COD concentration showed similar behaviour to TOC concentration. COD
increased by 1.3% to 3.6%, and TOC increased by 1.4% to 4.5% at the first cycle
compared to the start value. It may be due to the hydrolysis of organic from the solid waste
into the leachate was rapidly released in the initial stage. Leachate recirculation may be
significant in improving the rate of hydrolysis and acidogenesis and redistributing nutrients
(Nag et al., 208). After increasing at the first cycle, the concentrations of both parameters
then decreased and stabilised, which is similar to results reported in previous studies
(Cossu et al., 2003; Nag et al., 2018; and Luo et al., 2019). The decrease in COD and
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TOC concentration from leachate was the result of the dilution and washout mechanisms.
The present study results showed that leachate recirculation has a positive effect on the
rate of solid waste degradation in landfills (Bilgili et al., 2007). The concentration of COD
and TOC in young landfill leachate was higher than in old landfill leachate. This indicated

that the total amount of organic material in the landfill was decreasing with increasing age.

4.3.4 VFAs

The volatile fatty acids (VFAs) concentrations of the leachate collected during its
recirculation over 10 cycles are given in Fig. 4.4. Organic matter in landfills is hydrolysed,
and as a consequence of fermentation processes, VFAs will be generated (Li et al., 2016).
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Figure 4.5. Variations of VFAs in the leachate from young and old landfill leachate; 1 recirculation
cycle is linked to 25 days in a typical landfill, and 10 recirculation cycles are linked to 150 days in
a typical landfill with standard rainfall data

As shown in Fig. 4.4 and Fig. 4.5, the TOC, COD and VFAs concentration changes in the
experimental were similar. VFAs increased by 2.3% to 3.2% at the first cycle compared to
the start value. As a result of the high degradation rate in aerobic landfills, the
concentrations of VFAs decreased since the first cycle (Bilgili et al., 2012). Young landfill
leachate is well known to be characterised by high VFAs, COD and TOC (Renou et al.,
2008; Bhalla et al., 2013). The results showed that VFAs of young landfill leachate was

64



about 78% higher than old landfill leachate. Furthermore, VFAs of the leachate in both
landfill leachate showed a variation corresponding to the variation of the pH. VFAs are
short-chain organic acids; they contain a carboxyl group (-C(=0O) OH) attached to the alky!l
(R-) group (R-COOH). These organic acids may play an essential role in the mobilisation
of metals through either the formation of soluble ligand: metal complexes or a decrease
of pH (Molaey et al., 2021).

4.3.5 Metal(loid)s

Initial concentration of metal(loid)s is shown in Table 4.3 and metal(loid)s concentrations
in the leachate collected during its recirculation over ten cycles are given in Fig. 4.6. These
data demonstrated a decreasing trend for both landfills, which is consistent with previous
studies (Benson et al., 2007; Long et al., 2010; Yao et al., 2013). Owing to leachate
recirculation, metals in leachate were brought back to the landfill. The leachate migration
in landfills may result in metals to be immobilised in landfills through of absorption,
complexation and precipitation (Long et al., 2009). Leachate recirculation accelerates the
decomposition of landfills, which can reduce VFAs in leachate and increase the early
settlement in landfills. It could be expected to increase rates of degradation in landfills,
while metals cannot be degraded and thus accumulate in the landfill. As a result, it
decreases metal ion leaching. However, the metal(loid)s release in leachate was high at
the first recirculation cycle. Also, it was noted that the concentration of metal(loid)s was
higher in young landfill leachate. It is related to pH change; metal(loid)s release in the
leachate increases as pH decrease at the first recirculation cycle as it is in the acidification

phase of the waste degradation process when pH value is low.
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Table 4.3. The initial concentration of metal(loid)s in less than 1 year old landfill leachate (young)

and over 10 years old landfill leachate (old)

<1 years > 10 years <1 years > 10 years
Li (mg/L) 0.84 0.11 Cu (mg/L) 4.97 0.01
Al (mg/L) 3.97 0.37 Zn (mg/L) 1.62 0.38
Cr (mglL) 0.36 0.27 As (mg/L) 0.31 0.00
Mn (mg/L) 0.20 0.02 Cd (mg/L) 0.00 0.00
Co (mg/L) 0.11 0.02 Pb (mg/L) 0.07 0.00
Ni (mg/L) 0.59 0.05 Hg (mg/L) 0.00 0.00
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Figure 4.6. Variations of metal(loid)s in the leachate from young and old landfill leachate

Tables 4.4 and 4.5 show the recovery rates for the metal(loid)s from the initial leachate
according to the recirculation cycle. Tables 4.4 and 4.5 showed that metal(loid)s recovery
rate was over 100% at the first cycle except for Al, Co, As, Pb and Hg in young landfill
leachate and Al, Cr, Zn, and Hg in old landfill leachate. At the initial recirculation cycles,
the pH of leachate is low in the acidogenesis stage, so the metals had high solubility and
dissolved into leachate. Also, there was metal dissolution into the liquid from the solid
MSW sample due to the degradation of organic matter of the solid MSW sample and the
leachate recirculation at the initial stage of the experiment. Therefore, high recovery rates
were observed. After that period, pH was increased to neutral as it reached
methanogenesis stage, and the metal could precipitate and be trapped in the samples.
On average, the metal(loid)s recovery rate was 14.59% higher at the first recirculation

cycle in old landfill leachate.
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Table 4.4. Recovery rates of metal(loid)s from young landfill leachate according to recirculation

cycle

Cycle time Li (%) Mn (%) Cr (%) Hg (%) Ni (%) Co (%)
1 101.19 101.70 100.94 96.07 103.10 97.94

3 85.940 62.54 73.71 70.09 67.32 69.51

6 86.14 71.61 73.71 59.39 32.39 31.66

10 0.97 35.06 0.45 2.65 3.19 2.61
Average 68.56 67.73 62.22 57.05 51.50 50.43
Variance 1561.16 565.80 1392.02 1164.22 1405.84 1315.05
Cycle time Pb (%) Cd (%) Zn (%) Al (%) As (%) Cu (%)
1 90.13 104.72 104.21 94.12 67.55 106.71

3 58.97 44.72 4.55 43.28 32.07 21.58

6 12.53 15.27 49.64 7.73 31.22 0.60

10 3.56 0 3.45 0.45 0.37 0.32

Average 41.30 41.18 40.46 36.39 32.80 32.30
Variance 1237.18 1604.37 1701.98 1373.32 565.66 1919.97

Zn showed that the similarity similar tendency to Mn and Li was similar with Cr in young
landfill leachate. Co exhibited the same behaviour as Ni and Cd in old landfill leachate.
Zn and Mn showed another increase at the third recirculation cycle in the old landfill
leachate, and Zn increased again at the third recirculation cycle in the young landfill
leachate. This may be caused by the metal's experienced various balances such as
absorption-desorption, precipitation-dissolution and complexation-dissolution, which
means the metals in leachate may be the express proportion after saturation of balances
in waste (Long et al., 2009). Another possible reason is the degradation of waste, which
release a part of the metals bound with the organic matter in the waste.

Al, Cu and Zn have relatively higher concentrations than other metals, which can be a
great opportunity. Cu showed an excellent recovery rate at the first recirculation cycle.
However, the recovery rate by recirculation of Al and Zn were not effective. Co, Ni, Cd
and Pb in old landfill leachate showed a high recovery rate at the first recirculation cycle.
The results demonstrate that the amount of metals recovered in the leachate may be

potentially increased by recirculation.
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Table 4.5. Recovery rates of metal(loid)s from old landfill leachate according to recirculation cycle

Cycle time Cd (%) Ni (%) Cu (%) Mn (%) Co (%) Pb (%)
1 153.59 201.26 166.18 104.17 170.94 130.04

3 113.69 106.78 97.90 99.14 75.97 82.78

6 88.24 66.62 86.99 88.89 46.27 55.88

10 79.27 43.34 39.99 75.03 27.84 18.01
Average 108.70 104.50 97.76 91.81 80.26 71.68
Variance 831.27 3635.55 2033.76 124.11 3036.11 1664.90
Cycle time As (%) Hg (%) Li (%) Zn (%) Al (%) Cr (%)
1 110.33 90.28 109.47 61.33 33.24 12.66

3 88.92 47.31 30.16 28.44 6.43 4.93

6 43.31 31.77 16.35 48.18 7.37 2.19

10 23.95 28.25 10.80 18.79 2.87 0.79

Average 66.63 49.40 41.70 39.19 12.48 5.15
Variance 1193.04 608.34 1580.70 275.67 146.52 21.05

There are several factors affecting the mobility of metal(loids), Table 4.6 shows the

correlations between metals and other variables.

Table 4.6. Correlations coefficients for metals and physico-chemical parameters for [young/ old]

landfill leachate recirculation samples

Li (%) Al (%) Cr (%) Mn (%) | Co (%) Ni (%)
coD 0.83" 0.67" 0.68" 0.91" 0.73" 0.74"
pH -0.88" -0.84" -0.77" -0.94" -0.88" -0.88"
Conductivity 0.86" 0.74" 0.75° 0.93" 0.79" 0.80"
Redox -0.75° -0.57 -0.64° -0.82" -0.65" -0.66"
TOC 0.90" 0.80" 0.75° 0.97" 0.84" 0.86™
VFAs 0.87" 0.78” 0.72" 0.96" 0.82" 0.83"
Age -0.79" -0.62 -0.61 -0.88" -0.67° -0.69"
Cu(%) | zZn(%) | As (%) Cd (%) Pb (%) | Hg (%)
coD 0.61 0.59 0.72 0.61 0.72" 0.66"
pH -0.78" -0.72" -0.84" -0.79" -0.87" -0.80"
Conductivity 0.68" 0.66" 0.77" 0.68" 0.78" 0.73"
Redox -0.51 -0.52 -0.62 -0.52 -0.63 -0.61
TOC 0.75° 0.72" 0.84" 0.75° 0.84" 0.77"
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VFAs 0.74 0.70" 0.82" 0.73" 0.82" 0.73

Age -0.56 -0.54 -0.68" -0.55 -0.68" -0.58

. Correlation is significant at the 0.01 level
*. Correlation is significant at the 0.05 level

According to the Pearson correlation coefficient values, all metal(loid)s shows a strong
negative correlation with pH. Also, negative correlations of Li, Al, Cr, Mn, Co, and Ni were
observed with redox potential. All metal(loid)s shows a strong positive correlation with
COD, VFAs and conductivity. TOC and VFAs showed a similarity tendency with COD.
However, Cu, Zn, As, and Cd did not correlate with TOC unlike COD and VFAs. It indicates
that metals release was strongly affected by pH, COD and VFAs.

4.4 Conclusion

A Semi-pilot scale of column percolation test was performed to investigate the
recirculation effects on metal recovery in landfill leachate. Landfills of different age were
studied and compared for metals recovery. Between young and old landfills, the young
landfill sample presented a high concentration of metal(loid)s. Al, Mn, Cu and Zn may
suggest recovery opportunities as their contents in leachate are high. Leachate
recirculation promotes the release of the metal at the first cycle, resulting in an increased
metal recovery rate. The recovery rates in the young and old landfill leachate at the first
recirculation cycle are as follows: Cu> Cd >Zn > Ni > Li>Mn > Cr > Co >Hg > Al >Pb
> As for young landfill leachate, Ni > Co > Cu > Cd > Pb > As > Li> Mn > Hg > Zn > Al >
Cr for old landfill leachate. However, after the first recirculation cycle, recirculation
immobilises the metals as observed from the low metals’ concentration in leachate. This
is due to the direct adsorption of metal-humic complexes on the soil mineral surface.
Therefore, the operation of landfills with leachate recirculation can increase metals
recovery rate at the initial stage and then attenuate metals. Therefore, leachate
recirculation is an excellent opportunity for a combined resource-recovery and
remediation strategy, which will drastically reduce future remediation costs, reclaim
valuable land while at the same time unlocking billions of tons of valuable metals
contained within the landfill environment. Leachate recirculation also increases organic

matter at the first cycle; COD, TOC and VFAs concentrations are increased in the range
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of 1.28-3.56%, 1.40-4.54%, 2.33-3.16%, which indicated the landfills were in the
acidification stage. The results show that metals concentration was significantly related to
COD, TOC and VFAs. Organic matter plays a crucial role in the mobilisation of metals by
metal complexes or a decrease in pH. Therefore, further work is required to explore the
influence of organic matter on metal recovery with leachate recirculation to maximise

metals recove ry rate.
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5 The influence of humic acid on metal(loid)s release for
increasing recovery rate from MSW landfills

The finding in this chapter presents the influence of humic acid on the release of metals

in landfills to increase the concentration of metals from landfill leachate.

5.1 Introduction

With the rapid economic development, more and more metals and metal-bearing solid
waste are produced from household products, such as batteries and fluorescent light
(Xiaoli et al., 2012). Our everyday life and technical progress are based on various metals
(Friedrich., 2019). The secure supply of metals has become a global strategic issue. The

metal supply is finite and using metals from a natural resource cannot be replaced entirely.

According to the European Commission (2017), 60% of the annually produced waste from
500 million EU inhabitants ends up in landfills. Therefore, landfills may be the door for the
sustainability of metals. They contain enormous volumes of valuable materials such as
metals and plastic that constitute an essential driving for resource recovery, indicating
leachate constituents by inorganic ions such as heavy metals. Therefore, a new approach
for leachate treatment to remove contaminants and recover valuable metals can be
proposed as extraction metals in landfills have disadvantages such as operational

problems, high energy requirements and cost (Lee et al., 2022).

However, the recovery is affected by metal concentrations and values in landfill leachate.
Metal behaviour relies on various reactions, such as complexation, ion exchange, sorption
and desorption, precipitation and dissolution reactions (Bang and Hesterberg, 2004).
Organic matter content is considered as one of the main factors affecting metal release.
This is mainly due to the presence of high molecular weight organic substances that
display a high affinity for metals and form liquid-insoluble metal complexes. Complexation
reactions with organic ligands are known to influence metal mobility by either increasing
or decreasing its sorption of mineral surface (Gungor and Bekbolet, 2010). Among the
organic ligands, humic substances are the principal constituent of organic matter in

nature, the occurring mixture of organic compounds (Aiken et al.,, 1985). Humic
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substances can be divided into three main fractions: humic acids, fulvic acids and humin
(Tobiasova et al., 2018). Humic substances (humic and fulvic acids) bind metals to their
hydroxyl and carboxyl groups (Leung and Kimaro, 1997; Bozkurt et al., 2000; Kochany
and Smith, 2001; Klavinsa et al., 2006; Gutiérrez-Gutiérrez et al., 2015). In soil, the humic
acid concentration is generally significantly greater than that of fulvic acid (Spark et al.,
1997). It is well known that humic acid has the advantage of complexing with heavy metal
ions (Hankins et al., 2006).

The main functional groups of humic acid are carboxylic acids, alcohols, phenols,
carbonyls, phosphates, sulphate, amides, and sulphides, and all these groups are able to
interact with metal species in solution (Senesi, 1992). Therefore, it is vital to understand
the solubility characteristics of humic acid and how this solubility influences the metal

release.

In chapter 3, the leaching of metal(loid)s from municipal solid waste at pH 2, and 4 with
humic acid gave the most efficient metal release. In chapter 4, leachate recirculation
increases the metal recovery rate at the first recirculation cycle. Therefore, the objective
of the present chapter was to investigate the impact of changing the humic acid on metal

recovery from landfill leachate by adding humic acid and recirculation operation.

5.2 Materials and methods

5.2.1 Sample collection and preparation

Different ages of municipal solid waste (MSW) and leachate samples were collected from
two MSW landfills located in the UK. The old waste sample was collected in south
Gloucestershire, and it was operational between 1841 to 1991 without engineered
controls. The old landfill received 60,000 m3 of inert, industrial, commercial, and
household waste. Older landfill leachate was collected in Elstow landfill, which is a closed
site that was operated by Bedfordshire County Council. Leachate, used for the old waste
from the site, is extracted and treated through an onsite Sequencing batch reactor (SBR)
leachate treatment plant. The young waste sample was collected in Suffolk. It receives
minerals, mixed municipal waste, other waste from mechanical treatment of waste.

Leachate for the young waste was collected in the same site where the waste sample was
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collected. The samples were taken by a specialised private company hired by the landfill
sites operator. The samples were stored in a cold room at 4°C until analysis. The waste
samples were sorted manually into metal, paper, textile, wood, glass and other materials,
and the composition of the samples in this experiment were by wet weight is in Table 5.1.

Table 5.1. Waste composition of the samples collected from the studied landfill sites

Samples | Years | Waste Paper/ Plastic | Metals | Glass/ Textile | Wood | Soil/fine | Other

no. sample | cardboard | (g) (@) ceramic | (g) (@) fraction | (q)
(9) @) (@) (9)

1 <10 62230 1410 4623 224 10 520 842 54437 164

2 >1 59470 4692 7094 2212 3663 3911 1112 35944 762

5.2.2 Experimental set-up

Twelves sets of semi-pilot scale columns were set up (Fig 5.1). Each opened Perspex
column was 0.21 m in diameter and 1.02 m in height, with a working volume of 4 L. Six of
the columns were filled with young waste (> 1 year old), and other six columns were filled
with old waste (<10 years old) and the same weight of waste (10 kg) was placed in each
column. In order to make comparison possible among different compositions from the
samples, the samples were mixed well together manually. The outlet port at the bottom
was used for recycling leachate using a peristaltic pump. Gravel was filled at the bottom
of the column to a height of 0.05 m to serve as a drainage layer and prevent clogging of
the leachate outlets. Waste was filled into the column and compacted to a height of 0.25
m. Cover layers consisting of 0.1 m sand were placed on top of the waste samples, which
will decrease the amounts of air penetrating the column. Leachate was collected and
stored in the leachate collection tank. Less than 100 mL/d flow rate for peristaltic pumps
with leachates are very few, and it is likely to get blocked. Although a high recirculation
flow rate can accelerate the stabilisation of landfills, excessive recirculated leachate will
impose a heave working load on the leachate collection system, which is not secure and
cost-effective (Feng et al., 2018). Therefore, leachate was continuously recirculated using

the peristaltic pump with adjusted flow rates (800 mL/day).
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Figure 5.1. Schematic diagram of the column percolation test

The effect of different concentrations of humic acid (w/v) (0.1% and 0.5%) at pH 4 and 6
were studied. The pH was adjusted using 1.8 M nitric acid solution or 1 M sodium
hydroxide solution. The same samples and columns with chapter 4 were used for this
study. The experiment was conducted in the columns with a total of 5 times leachate
recirculation. 0.1and 0.5 g of humic acid was added in every 100 mL of tap water; 4 g of
humic acid was added in 0.1%, and 20 g of humic acid was added in 0.5% with 4 L of tap

water.

5.2.3 Sampling and analytical methods

Leachate samples were collected from the leachate outlet port (250 mL). In order to keep
the volume equilibrium of leachate before recirculation, the same volume of tap water (250
mL) was added to the leachate after sampling. The leachate was collected in polyethene
bottles and stored in a cold room at 4°C until metal analysis and performed analysis within

three weeks. The samples collected were analysed for pH, chemical oxygen demand
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(COD), redox potential, total organic carbon (TOC), volatile fatty acid (VFA), and

conductivity.

5.2.4 Metal analysis

The metals content was analysed by inductively coupled plasma mass spectrometry (ICP-
MS) (Elan 9000 Perkin-Elmer SCIEX) after microwave-assisted acid digestion following
the extraction procedure used in previous studies (Gutiérrez-Gutiérrez et al., 2015; Cipullo
et al., 2018; Wagland et al., 2019). Briefly, Li, Al, Cr, Mn, Co, Ni, Cu, Zn, As, Cd, Pb, and
Hg were determined by pre-digesting 30 mL leachate with 1.5 mL concentrated trace
metal grade nitric acid for leachate samples. For solid samples, 0.5 g of samples was
mixed with 6 ml of HCI and 2 ml nitric acid in Teflon tubes and left overnight. The vessels
for leachate samples were placed in the Mars Xpress microwave (CEM system, EPA
3015-8). Then, the vessels were cooled, and the solution was filtered through Whatman
No. 2 paper and made up to 50 ml with deionised water. A blank digest was carried out in
the same way. The microwave is an efficient and fast digestion technique method.
Calibration standards were spiked with several certified standard solutions. The

concentration ranges were 0.05, 0.1, 0.15 and 0.2 mg/L/ for the elements.

5.2.5 Humic acid analysis

A stock solution of HA was prepared by dissolving 1 g of HA in 1 L of deionised water for
investigating the impact of the presence of HA in leachate on the leachability of metals.
HA content was determined by ultraviolet light absorbance at 254 nm. The values were
converted using a calibration curve (Fig 5.2). For that purpose, serial dilutions of the
concentrated HA stock solution were prepared: 1, 2, 5, 7, 10, 15, 20, 50, 100 mg. Samples
for UV2s4 were filtered through 0.45 um membrane filter. UV2s4 was measured through a 1

cm quartz cell. The test was conducted in duplicate.
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Figure 5.2. Humic acid standard calibration curve at 254 nm.

The E4/Es ratio (ration of the absorbance at 465 nm and at 665 nm) has been widely used
to study the humic acid fraction. The ratio is considered to be inversely proportional to
molecular weight, acidity and to their degree of humification. The value of E2so is used as
an indicator for the aromaticity of sample’s structure, because © — mr electron transition
occurs in this UV region for phenolic arenes, benzoic acids, aniline derivatives, polyenes,
and polycyclic aromatic hydrocarbons with two or more rings (Uyguner and Bekbolet,
2005). Samples for E4/Es ratio and Ezso were filtered through 0.45 pm membrane filter.
E4/Ee ratio and E2so was measured through a 1 cm quartz cell. The test was conducted in

duplicate.

5.2.6 ATR-FTIR spectra

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) is
performed at room temperature in the wavenumber range between 400-4000 cm* with 16
scans at a spectra resolution 4 cm™ to detect any interaction between the metals and
humic acid. FTIR spectroscopy shows the intensity of the peak absorbance of the function
groups, which can identify the chemical bond in metals. The freeze-dried leachate
samples were used for the device Bruker Platinum ATR. Table 5.2 shows the functional

groups and its quantified frequencies.
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Table 5.2. FTIR frequency range and functional groups (Ribeiro et al., 2001; Lingegowda et al.,
2012)

Frequency range (cm-?) Functional group
3854 O-H stretching vibration
3675 Amid

3550-3450 Hydroxyl compounds
3400-3200 Hydroxyl compounds
2854-2926 Methyl group
2855-2975 Cyclo alkane
2500-3300 Carboxyl acid
2353 C-O bond
2322-2138 C-N
2260-2100 C=C Stretching bond of
alkynes
1725-1745 Carbonyl compounds
1458-1591 Phenol ring
1432-1621 Aromatic ring
1150-911 C-O-C group
858-733 C-H
600-700 C-S linkage
550-690 Halogen compounds (C-Br)
469 Alkyl halides

5.2.7 Statistical analyses

Multivariate analysis was performed using SPSS 26 software to identify statistically
significant variance between the dependent variable tested and effect on the metal(loid)s
leachability. A multivariable study was conducted considering the correlation matrixes. In
these matrices, each individual square contains the ordinal coefficient of Spearman which
varies between 1 and -1 and the significance level of estimated correlation for each pair

of variables (Bisquerra. 1989). Significance level was set at 0.05.
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5.3 Results and discussion

5.3.1 Solubility of humic acid

It is well known that the solubility of humic acid in leachate increases as pH and decrease
landfill age and redox potential (Fan et al., 2006; He et al., 2006; Qu et al., 2008; Zhang
et al., 2018; Lee et al., 2021). Figure 5.3 shows the correlations between humic and pH,
landfill age and redox potential. There was a strong positive relationship between pH and
HA (p < 0.05). This finding is consistent with the previous study of Lee et al. (2021). At
neutral to high pH, humic acids are more negatively charged due to the ionisation of
COOH and phenolic OH groups. Strong negative correlations were found between humic
acid and redox potential (p < 0.01) and landfill age (p < 0.01).

Humic acid
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Figure 5.3. The leached concentration values of humic acid in landfills, according to pH, redox
potential, and age
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5.3.2 Effect of humic acid concentration on metal recovery

Chapter 3 showed that the leaching efficiency of HA is comparatively higher at pH 4 to 6,
and the leachability of metalloids had a HA content of 28 mg/L. Previous studies showed
that 0.1 to 2M of oxalic acid increased metal release, and 0.5% humic acid leached out
Cd, Pb, Ni, Cu, and Zn twice that of 0% humic acid (Das et al., 2012; Usharani and
Vasudevan). Therefore, the effect of humic acid concentration on the release of selected
metal(loid)s was studied in 0.1% and 0.5% at pH 4 and 6 from young and old landfill
leachate. Initial concentration of metal(loid)s at pH 4 in young landfill leachate is shown in
Table 5.3 and initial concentration of metal(loid)s at pH 5 in old landfill leachate is shown
in Table 5.4.

The control study results at pH 4 from different ages of landfills are present in Fig. 5.4 and
5.5. The results show that humic acid significantly accelerated Al, Zn and Pb in both landfill
leachate. For 0.1% of humic acid content, Al release 0.48-4.38 mg/L, 0.34-3.18 mg/L,
0.06-4.52 mg/L and 0.24-4.53 mg/L for pH 4 in young landfill leachate, pH 6 in young
landfill leachate, pH 4 in old landfill leachate and pH 6 in old landfill leachate, respectively.
For 0.5% of humic acid content, Al release 1.87-21.33 mg/L, 0.12-20.33 mg/L, 1.80-15
mg/L and 1.92-20.83 mg/L for pH 4 in young landfill leachate, pH 6 in young landfill
leachate, pH 4 in old landfill leachate and pH 6 in old landfill leachate, respectively. For
0.1% of humic acid content, Zn release 0.14-0.28 mg/L, 0.12-0.25 mg/L, 0.04-0.23 mg/L
and 0.04-0.22 mg/L for pH 4 in young landfill leachate, pH 6 in young landfill leachate, pH
4 in old landfill leachate and pH 6 in old landfill leachate, respectively. For 0.5% of humic
acid content, Zn release 0.20-0.28 mg/L, 0.14-0.34 mg/L, 0.05-0.38 mg/L and 0.04-0.15
mg/L for pH 4 in young landfill leachate, pH 6 in young landfill leachate, pH 4 in old landfill

leachate and pH 6 in old landfill leachate, respectively.

For 0.1% of humic acid content, Pb release 0.003-0.02 mg/L, 0.006-0.019 mg/L, 0.0003-
0.004 mg/L and 0.0006-0.005 mg/L for pH 4 in young landfill leachate, pH 6 in young
landfill leachate, pH 4 in old landfill leachate and pH 6 in old landfill leachate, respectively.
For 0.5% of humic acid content, Pb release 0.008-0.02 mg/L, 0.005-0.03 mg/L, 0.004-
0.02 mg/L and 0.001-0.01mg/L for pH 4 in young landfill leachate, pH 6 in young landfill

leachate, pH 4 in old landfill leachate and pH 6 in old landfill leachate, respectively. An
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overall increasing trend was attained in the release of metal(loid)s with respect to
increasing humic acid concentration for both landfill leachate concentrations.This finding
Is in agreement with the findings of Usharani and Vasudevan (2016), suggesting humic
acid can be used to leach out metals. The recovery rate of metal(loids) using humic acid
0.1% on average from young landfill leachate was 96.40% and 1208.24% at pH4 and 6.
The recovery rate of metal(loids) using humic acid 0.5% on average from young landfill
leachate was 144.03% and 267.16% at pH4 and 6. The recovery rate of metal(loids) using
humic acid 0.1% on average from old landfill leachate was 1831.13% and 1603.18% at
pH4 and 6. The recovery rate of metal(loids) using humic acid 0.5% on average from old
landfill leachate was 387.74% and 216.10% at pH4 and 6. Therefore, metal recovery using
humic acid from young landfill leachate may be more effective at pH 6 and from old landfill
leachate may be more effective at pH 4. It may be related to humic acid solubility as they

are insoluble in acidic conditions, in which young landfill has lower pH value.

Table 5.3. The initial concentration of metal(loid)s in young landfill leachate, following the humic
acid concentration (0, 0.1, 0.5 %) and pH value (4)

Humic acid concentration (%) Humic acid concentration (%)
(mg/L) 0 0.1 0.5 (mg/L) 0 0.1 0.5
Li 0.06 0.11 0.03 Cu 0.19 0.23 0.25
Al 0.62 4.38 21.33 Zn 0.12 0.28 0.28
Cr 0.01 0.01 0.06 As 0.01 0.00 0.07
Mn 0.10 0.09 0.08 Cd 0.00 0.00 0.00
Co 0.01 0.01 0.03 Pb 0.01 0.02 0.02
Ni 0.04 0.06 0.10 Hg 0.33 1.14 0.03
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Figure 5.4. Concentrations of 12 metals extracted using 0%, 0.1% and 0.5% of humic

concentration from young landfill leachate at pH 4

However, the improvement of Cu and Hg leaching rate is not apparent with increasing
humic acid content. This finding is consistent with the previous study of Zhao et al. (2019)
and Chou et al. (2018), who reported that there is no clear improvement in Cu with
increasing humic acid content. It may be due to excessive humic acid can chelate with
metal ions and reduce the concentration of Cu and Hg in leaching solution (Zhang et al.,
2018). Several processes such as proton-induced dissolution, oxidative dissolution
caused by oxygen attack, ligand-induced dissolution caused by humic acid adsorption or
surface complexation, and protection of the mineral surfaces from proton and oxygen
attacks by adsorbed humic acid may enhance or inhibit the dissolution of metals in the
presence of humic acid (Chou et al., 2018). The recovery rate of metals at 0.1% of humic
acid on average is 96.41% at pH 4, 1208.24% at pH 6 from young landfill leachate and
1831.13% at pH 4 1603.18% at pH 6 from old landfill leachate. On average, the recovery
rate of metals at 0.5% of humic acid is 144.03% at pH 4, 267.16% at pH 6 from young
landfill leachate and 387.74% at pH 4 316.10% at pH 6 from old landfill leachate. When
humic acid concentration is the same, the release efficiency of metals is higher at pH 6
than at pH 4.

Table 5.4. The initial concentration of metal(loid)s in old landfill leachate, following the humic acid
concentration (0, 0.1, 0.5 %) and pH value (4)

Humic acid concentration (%) Humic acid concentration (%)
(mg/L) 0 0.1 0.5 (mg/L) 0 0.1 0.5
Li 0.00 0.00 0.02 Cu 0.05 0.11 0.13
Al 0.02 4.52 15.00 Zn 0.06 0.23 0.38
Cr 0.00 0.02 0.22 As 0.00 0.02 0.07
Mn 0.10 0.04 0.45 Cd 0.00 0.00 0.00
Co 0.00 0.01 0.02 Pb 0.00 0.00 0.02
Ni 0.00 0.07 0.19 Hg 0.01 0.01 0.00

83



o m
o (a3l
o
1
, | “
et ——#—f
N ] - S S
o o o
(1/6w) 1D
01 #+
1 4
®4
* «
&
Lot <

— ot

] 3 o @ < e
(1/6w) v

1O
B —
b =] —
1 B —
agl =] —

et -

T e e L
o -] ~ (-] < o
o - - =3 (=]
=] ] e ] ]

o o o o

Cycle

Cycle

Cycle

-3
&=
2]

=1

0.25

T T T
wn
ha] S
S
1

(1/6w) IN

&
=]

0.025

=] -

B -

Cycle

Cycle

Cycle

—<HH
R3]
® 4
o
aal
— ; i ; it}
-] o < o o
] = ] e
o o o o
(1/6w) sy
1Ot <,
I |-
[
o
E —
Ot —H
1 < L] ] ! °
o o o o o
(1/6w) uz
ol m—
et -
@«Hd
& | —
<4 —E :
o o~ -] < o
] ! S S
o (-] o o
(71/6w) np

Cycle

Cycle

Cycle

£

.88 [
£33 o @<
-
$532
O«a ¢ r
O« ¢ 10! @ - e
O«a9¢
—o— B — o
B & — -
A = e e °
- (-] -3 < o o
o =3 (=3 o o
= ] ] = ]
o o o o
(1/6w) 6H
+o+ te—Ht n
O | — <
o BH [~ o
o WH — o
aal H 4=
T T T fH—E+ ©
< ”m o~ - o
o =3 o o
(=] (=] (=] (=]
e ] ] S
o o o o
(1/6w) po
+&+ tet—Ht wn
H o H — <
o BH [~ ™
o WH — &N
aal H 4
T T T fe—H—1 ©
< (] o - o
(=] =3 o (=]
o (=3 =3 (=3
S S S S
o o o o
(1/6w) po

Cycle

Cycle

Cycle

84



Figure 5.5. Concentrations of 12 metals extracted using 0%, 0.1% and 0.5% of humic

concentration from old landfill leachate at pH 4

The correlation between HA, metals, recirculation cycle, and pH is shown in Table 5.5.
There was a strong positive relationship between humic acid and Al, Cr, Zn, As, Cd, Pb
(p <0.01) and Cu (p < 0.05). However, Li shows a strong negative relationship with humic
acid (p < 0.05). There was a strong positive relationship between Li and Mn, Cu, Zn, Cd,
Pb, Hg (p < 0.01) and Co, Ni (p < 0.05). Metal(loid)s leaching tends to decrease with
increasing recirculation, pH value and landfill age. The results of this study showed that
humic acid at pH 4 increased the release of metals, thus raising its availability and

recovery rate in landfill leachate.

Table 5.5. Correlations coefficients for metals and recirculation cycle, pH and humic acid for

[young/ old] landfill leachate recirculation samples

Li (%) Al (%) Cr (%) Mn (%) Co (%) Ni (%)

Recirculation -0.18 -0.40" -0.29 -0.19 -0.40™ -0.45™
Humic acid -0.28" 0.55" 0.45" -0.12 0.52" 0.46™
pH -0.11 -0.51" -0.37" -0.11 -0.52" -0.56™

Age -0.56™ -0.18 -0.28 -0.23 -0.49" -0.64"
Cu (%) Zn (%) As (%) Cd (%) Pb (%) Hg (%)

Recirculation -0.48™ -0.36™ -0.41™ -0.37" -0.39™ -0.29"
Humic acid 0.24 0.38" 0.58" 0.49" 0.51" -0.12
pH -0.56™ -0.49™ -0.53™ -0.38™ -0.51™ -0.30™

Age -0.64" -0.62" -0.21 -0.49" -0.40" -0.14

. Correlation is significant at the 0.01 level
*. Correlation is significant at the 0.05 level

5.3.3 Chemical characteristics and FTIR Spectra of humic acid

Adsorption coefficient at 280 nm (E280) and the ratio of absorption coefficients at 465 and
665 nm (E4/E6) were measured in this study (Fig. 5.7). There was a strong relationship
between humic acid and E280 and E4/E6 (p < 0.01). It indicates that as humic acid
increases, E280 decreases and E4/E6 increases but showed no clear trend with landfilling
age. It implies that with increasing humic acid, the aromaticity of the samples becomes
higher (Kang et al., 2002).
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Figure 5.6. Draftsman’s plot resenting the relationship between HA (mg/L), E280, E4/EG6, age, pH

and recirculation cycle

Fig. 5.8 is the FTIR spectra of leachate samples that give information about specific
molecular structures and various functional groups, as well as for studies of interactions
between humic acid and metals (Schnitzer and Khan, 1972). Different functional groups
can be identified from characteristic peaks by FTIR peaks. The leachate’s spectral
features indicated that the leachate’s aromatic character was in the order of HA 0.5% >
HA 0.1% > HA 0%. This result is in agreement with humic acid characteristics.
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Figure 5.7. FTIR spectra peak in landfill leachate which was assigned to a stretching frequency
of H,O molecule coordinated metal ions and methyl group (CH stretching), following the humic
acid concentration (0, 0.1, 0.5 %)

All spectra in different concentration of HA were similar. Adsorption bands observed at
the wavelengths of 3751 cm (H20 stretching), 3533 cm* (N-H stretching), 3355 cm™ (O-
H stretching), 2981 cm™* (C-H stretching), 2359 cm™* (C-O stretching), 2029 cm
(Aromatics), 1682 cm™ (C=0 stretching), 1623 cm™ (C-O stretching), 1107 cm™ (C-O
stretching) and 668 cm™ (C-S stretching). The observed intense peaks indicate the
existence of carboxylic. The presence of groups near the COOH group of a carboxylic

acid affects the acidity, which increases metal mobility.

Leachate with humic acid has stronger aliphatic bands, carboxylic groups and aromatics.
However, the strengths of the bands, which give differences in the relative distribution of
each functional group, have some differences. The main metals binding sites of humic
substances include the carboxylic acid site (Sawalha et al., 2007; Qu et al., 2008).
Therefore, the high content of humic acid increases metal recovery as the acidity of the

carboxylic acid is strong.
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5.4 Conclusion

The effect of humic acid on metal recovery in landfill leachate was investigated in this
chapter. It showed certain influence increasing metal recovery in landfill leachate. The
recovery rates using humic acid 0.1% from young landfill leachate are following: Cd > Al
>7Zn>Li>Pb>Ni>Cr>Co>Hg>Cu>Mn>As for pH 4, Hg > Pb >Al>As > Cr > Cd
> Ni > Li >Zn > Cu > Co > Mn for pH 6. The recovery rates using humic acid 0.5% from
young landfill leachate are following: As > Al > Cr >Pb > Co >Hg >2Zn > Cu > Cd > Mn >
Ni > Lifor pH 4, Hg > As > Al > Co > Cd > Zn > Cu > Pb > Ni > Cr > Mn > Li for pH 6. The
recovery rates using humic acid 0.1% from old landfill leachate are following: Al > Pb >
As>Ni>Cr>Cu>Co>2Zn>Cd>Mn>Li>HgforpH4, Al>Cr>As>Cd>Co>Pb
> Mn > Ni > Cu > Zn > Li > Hg for pH 6. The recovery rates using humic acid 0.5% from
old landfill leachate are following: Al > Cr > Pb > As > Ni> Co >Mn >Hg > Li>Cu > Zn
> Cd for pH 4, Al > As > Cr > Cd > Co > Pb > Ni > Cu > Zn > Li > Hg > Mn for pH 6.
Recovering metals using humic acid is a sustainable method, which can help on saving
costs and reduce adverse effects on the environment. This will provide a better
understanding of organometallic chemistry contribution to enhanced landfill mining for

recovering metals in landfills.
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6 Conclusion and recommendation for future works

This chapter aims to summarise all the findings from the project and highlight the

opportunity to effectively recover metals.

6.1 Overview

The overall aim of this research project was to provide a mechanistic
understanding of the biochemical and organometallic chemical processes
influencing metal(loid)s mobility and recovery from municipal solid waste landfill
sites. Specifically, this PhD research investigated the effect of pH, leachate
recirculation and humic acid on the metal(loid)s mobility and their recovery rate
from landfill environments. The practical and economically viable processing

strategy was required to recover metals.

The aim and objectives of this thesis are stated in Chapter 1. These thesis
findings are presented according to the objectives in order to answer the

hypothesis.

The literature review in Chapter 2 provided a systematic review of the critical
factors and environmental conditions that influence the behaviour of metals within
the landfilled waste and synthesis of how these may affect leachate recirculation
efficiency for recovery in the context of a range of opportunities and challenges
facing circular economy practitioners. The numerous factors influence metal
release, which will help overcome the limitation of metal recovery from landfill
leachate, which is the low concentration of metals. There have been numerous
studies in the literature that pH, organic matter, landfill age, and leachate

recirculation significantly increase or delay the metal release.

Therefore, Chapter 3 (batch test) describes the leaching of metal(loid)s under
various pH value and identifies the relationship between pH and humic acid at
three different depths of closed MSW landfill site. The results showed that the
release amount of Li, Al, Cr, Mn, Co, Ni, Cu, Zn, As, Cd, Pb, and Hg are in the
range of 0.03-0.14 mg/L, 0.65-83.33 mg/L, 0.01-0.19 mg/L, 0.18-18.17 mg/L,
0.01-0.09 mg/L, 0.06-0.38 mg/L, 0.12-5.2 mg/L, 0.14-11.57 mg/L, 0.02-0.10

89



mg/L, 0.00-26.17 mg/L, 0.03-25.17 mg/L, and 0.00-0.01 mg/L with deionised
water as leachant at different pH. The release amount of HA was relatively
increased from 0 to 2% in 48-55m compared to 3-9 m in the MSW landfill. HA can
promote the leaching rate of metals with an appropriate amount. Based on the
study results, the optimal condition of leaching metals was pH 2, and HA 28 mg/L
at less than 10 m depth. The high concentration of metals in landfill leachate may
be enhanced to effectively recover metals as the critical challenge of recovering
metals from leachate is the low concentration of metals. Thus, the information

can be useful for economically feasible in the recovery of metals.

Previous studies described that the operation with leachate recirculation could
enhance the decomposition of the MSW and speed up the stabilisation, which
indicates leachate recirculation directly affect COD, TOC, VFAs. As organic
matter is highly related to metal release, the leachate recirculation impact on
COD, TOC, VFAs, metals, redox potential was conducted under pH values 4 and
6 according to Chapter 3 results (A column percolation test). The results showed
that the metal(loid)s recovery rate of Li, Al, Cr, Mn, Co, Ni, Cu, Zn, As, Cd, Pb
and Hg increased in the range of 101.19-109.47%, 33.24-94.12%, 12.66-
100.94%, 101.70-104.17%, 97.94-170.94%, 103.10-201.26%, 106.71-166.18%,
61.33-104.21%, 67.55-110.33%, 104.72-153.59%, 90.13-130.04% and 90.28-
96.07% at the first recirculation cycle. The mobilisation of metal(loid)s in landfill
leachate was affected by high organic content, low redox potential, and pH. The
fluctuation of Zn concentration was similar to that of Mn. These results help
understand metal mobility in landfills, which could provide insights for
economically feasible metals recovery. The initial rates of metal(loid)s may be
enhanced by recycling the leachate back to the column; therefore, the first
leachate recirculation could effectively recover metals as they release metals in

landfills.

As the landfill passes the humic phase, it is possible that the mobility of metals
will alter due to changes in the biological, chemical and physical conditions in the
landfill. The optimum conditions and recirculation cycle determined from Chapter

5 were applied to a range of humic acid (0%, 0.1% and 0.5%) concentration and
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pH value (4 and 6) with leachate recirculation. Positive correlation between pH
and humic acid was observed, and strong negative correlation between humic
acid and redox and landfill age. The recovery rate of metals increased with
increasing humic acid, decreasing landfill age, redox potential at the first cycle of
leachate recirculation. The aromaticity of leachate become higher as landfill age
increased. The recovery rates using humic acid 0.1% from young landfill leachate
are following: Cd > Al > Zn > Li > Pb > Ni > Cr > Co > Hg > Cu > Mn > As for pH
4, Hg > Pb > Al >As > Cr > Cd > Ni > Li>Zn > Cu > Co > Mn for pH 6. The
recovery rates using humic acid 0.5% from young landfill leachate are following:
As > Al > Cr>Pb>Co >Hg>2Zn>Cu>Cd>Mn > Ni>Lifor pH 4, Hg > As >
Al > Co > Cd > Zn > Cu > Pb > Ni > Cr > Mn > Li for pH 6. The recovery rates
using humic acid 0.1% from old landfill leachate are following: Al > Pb > As > Ni
>Cr>Cu>Co>2Zn>Cd>Mn>Li>HgforpH4, Al>Cr>As>Cd>Co>Pb
> Mn > Ni > Cu > Zn > Li > Hg for pH 6. The recovery rates using humic acid
0.5% from old landfill leachate are following: Al > Cr > Pb > As > Ni > Co > Mn >
Hg >Li>Cu>2Zn>CdforpH4,Al>As>Cr>Cd>Co>Pb>Ni>Cu>2Zn>
Li > Hg > Mn for pH 6.

Different types of waste contain different REE, critical and valuable metals in
significant concentrations. Leaching and selective recovery of the metal(loid)s the
best solution to meet the growing critical raw materials demands and also to
reduce the environmental impacts caused by metals in the environment. The
metal recovery is challenging to make it economically feasible to reuse as
secondary raw materials because the metal concentration is relatively low. This
study addressed the recovery of metals in the landfill leachates and investigated
the influences of depths, pH, age and humid acid concentrations with leachate
recirculation on the final recovery. Based on the investigation, the leached
metal(loid)s concentration by 0.5% humic acid in weak acid and near-neutral pH
tend to increase at the initial recirculation cycle. Eco-friendly leaching using humic
acid results in metals in treated leachate and hence is safe from the ecological
point of view for landfills. However, only looking at the metal recovering is
insufficient as it requires some processing before it can be utilised. Hence, an

effort needs to make to incorporate the application of the technologies in the field

91



of waste-to-energy, metal recovering and circular economy. Also, as the landfill
progresses, the pH rises to nearly 10, it is considered that the retained leachate
in the site reaches its buffering capacity limit. In order to control of pH at full scale,
it is crucial to consider number of factors, including moisture, temperature, and
bacteria. However, these factors can be unpredictable, the ability of acid to lower
a soil's pH can take several months. Therefore, it should be noted that primary
laboratory data was used in the scale-up calculation and to the greatest extent

possible.

The recovery of a smaller concentration of metal in leachate is a major concern
for the industry as well as for the environment. Hence, increasing concentration
to over 1 mg/L is critical to overcoming the processing challenges and costs. This
thesis introduces to determine possible contamination migration pathways from
closed landfill sites by understanding the processes that occur in landfill
environments in the lab and semi-scale. Therefore, it will enhance the
concentrations of metals to the minimum level to make metals recoverable from

leachate and provide a base in the scale-up calculation

6.2 Limitations of the research

There are several limitations to the research project presented within this thesis.

e The waste composition was not consistent for the samples. For this
reason, it was not possible to precisely compare the recovering rate of
metals between different age landfills. Samples from different ages of the
same waste composition could be analysed, emphasising ageing effects
on metal recovery. However, Landfills are heterogeneous, which present
different characteristics of samples (Chapter 3, 4, and 5).

e The toxicity of compounds may increase in acidic pH conditions and
decrease growth in biological (Chapter 3).

e The analysis for humic-metal complexation was not extended for each
metal type identified and has not been thoroughly investigated. Whilst a
humic concentration effect on metal release and chemical characteristics

of humic acid was investigated (Chapter 5).
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Replicate that the experiment and analysis could be more accurate. Due
to the small amount of samples and time limitation, the column percolation
test could not replicate and perform longer. However, Chapters 4 and 5
show that metals retain in the landfills after 4 leachate recirculation cycles,
thus not much leached out.

The odour problems in landfill environments are linked to the low pH
conditions.

Many uncertainties exist which are not incorporated at full-scale, such as
macro-economic factors, metal price volatility, and costs associated with

the operation of the recovery process.

6.3 Further works

The leachate recirculation with adding humic acid can be employed in modern

landfills by taking the valuable metals and delaying the pollution. Regarding the

green approach for metal recovery, further works is required to perform in a full-

scale to implement the methodology at industrial.

An investigation into the rare earth elements in the long-term test method
would find out the real cost of recovering metals and economically viable.
A pre-treatment of leachate before the leaching process should be studied
to evaluate

A comparison and analysis of the complexations with metals o fulvic and
humic acids from landfill leachate at alkaline conditions as fulvic-metals
complexes is relatively high.

The method of measuring complexation using Amberlite XAD-7 resin or
DAX-8 and extracting humic acid in leachate should be investigated to
characterise humic substances extracted from various landfill
environments.

Perform pilot bioreactor to convert industrial waste carbon to VFAs,

increasing metal release and reduce carbon dioxide.
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Appendix A Chapter 2

Table A.1 Organic compounds which influence on elements behaviour often found
in landfill leachate (adapted from Fischer et al. (1997), Paxéus (2000), Staley et al.
(2006), and Zhang and Zhang (2009))

Chemical group Compound name

2-hydroxyethanoic acid, 2,2-dihydroxypropanedioic
acid, 3-methylacrylic acid, Prop-1-ene-1,2,3-
tricarboxylic acid, Benzenecarboxylic acid,
Benzene-1,2-dicarboxylic acid, Benzene-1,3,5-
tricarboxylic acid, Tridecanoic acid (tridecylic acid),
Hexadecanoic acid (palmitic acid), Hexacosanoic
acid, methanoic acid, ethanoic acid, propanoic
acid, butanoic acid, pentanoic acid, hexanoic acid,
heptanoic acid, octanoic acid, Nonanoic acid,
decanoic acid, Undecanoic acid, Dodecanoic acid,
Tridecylic acid, 1-tetradecanoic acid (myristic acid),
Pentadecylic acid, Palmitic acid, Heptadecanoic
acid (margaric acid), Octadecanoic acid (stearic
acid), Nonadecylic acid, Arachidic acid

Carboxylic acids

Methanol, Ethanol, Propan-2-ol, Butan-1-ol,
Pentan-1-0l2, Hexadecan-1-ol, Ethane-1,2-diol,
Propane-1,2-diol, Propane-1,2,3-triol, Butane-
1,2,3,4-tetraol, Pentane-1,2,3,4,5-pentol, hexane-
1,2,3,4,5,6-hexol, Heptane-1,2,3,4,5,6,7-heptol,
Alcohols Prop-2-ene-1-ol, 3,7-Dimethylocta-2,6-dien-1-ol,
Prop-2-yn-1-ol, Cyclohexane-1,2,3,4,5,6-hexol,
Cyclohexane-1,2,3,4,5,6-hexol, 5-Methyl-2-
(propan-2-yl)cyclohexan-1-ol, Phenols, trimethyl,
Phenols, butyl, Phenols, bis, Phenol, 4, Phenols,
tri-chloro, Phenol, penta-chloro
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https://en.wikipedia.org/wiki/Hexacosanoic_acid
https://en.wikipedia.org/wiki/Hexacosanoic_acid
https://en.wikipedia.org/wiki/Tridecylic_acid
https://en.wikipedia.org/wiki/Butan-1-ol
https://en.wikipedia.org/wiki/Pentan-1-ol

Amines

Aspartic acid, Threonine, Serine, Glutamic acid,
Glycine, Alanine, Valine, Methionine, Isoleucine,
Leucine, Tyrosine, Phenylalanine, Lysine,
Histidine, Arginine, methylamine , 4-
methoxyaniline, dimethylamine, trimethylamine, 4-
Nitroaniline, N-Dimethylaniline

Heterocycles

Benzothiazole, 1,3-Benzodioxole, Benzene,
Polychlorinated dioxins, Polychlorinated furans,
Pyridine, Pentazole, Indole, Quinoline,
Isoquinoline, 2-Methyl quinolone, 2,4(1H,3H)-
Pyrimidinedione, Thiazole, Oxazole, Diazine
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Table A.2 Leachate recirculation impact on landfill environments

Characteristic | Scale | Recirculation Effects Limitations Reference
s of sample method
Synthetic solid | Lab ‘PVC pipe columns | -Frequent recirculation with | -Practical problems in the sites | San and Onay,
waste ‘Periodically added | PH control provided the to operate with frequent 2001
shredded and 1 L of tap water highest degree of waste recirculation; clogging,
compacted ‘Recirculated one to stabilization. flooding, and precipitation.
four times per week | ‘The leachate recirculation
increased methane gas
concentrations
Loose fresh Lab ‘PVC columns -1.8 times more oxidizable ‘Leachate recirculation can Francois et al.,
waste mixed -Flow rate set to matter released through lead to the inhibition of 2007
with and 8 obtain a final waste | recirculation in the leachate. | methanogenesis due to volatile
years old moisture content of | -Leachate recirculation fatty acids or ammonia
compacted 42% reduced the time necessary | hitrogen accumulation.
saturated with tap methanogenesis phase, but | inevitable residual
water mixed with only for fresh waste. contamination within the
sewage sludge waste.
MSW co- Lab -‘Reactor (W: 287 ‘The pH increased from ‘Metals leaching is controlled Yao et al., 2014

disposed and
MSW
incinerators
bottom ash
from the

mm H: 1000 mm)

‘Two inlet/outlet
ports at the top of
the lid

‘The moisture
content of the

days 1 to 22. Once the pH
value increased to 7.5,
remained relatively steady
afterwards. -The
concentration of Cu in the
leachate with recirculation

by the organic matter and pH
value, but the pH value and
organic matter were not
handled in this study. -The
vague explanation for the
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transport
station (China)

samples was
adjusted to 75%

-After samplin100 ml
tap water added

tends to decrease, which is
generally consistent with
previous reports (Lo et al.,
2009; Long et al., 2010).

‘The concentration of Zn in
leachate was generally
lower due to the leachate
recirculation.

mechanism between metals
and organic matter.

Raw MSW Lab -Polypropylene ‘The cumulative amount of | ‘It is difficult to evaluate the Hu and Long,
from the -The moisture leached Zn decreased and | effects of leachate recirculation | 2019
transport content of the then maintained a stable on the release of metals, as it
station samples was level with leachate investigated the specific
adjusted to 75% recirculation. release of Zn.

-Leachate recirculation can

immobilize Zn release in

landfills.
Mixture of Lab -Cylindrical (W: 30 -The high recirculation rate | -The composition of the Sponza and
domestic cm H: 100 cm) affected the COD sample is biased on organic Agdag, 2004
waste (75-95% -Temperature 35°C | concentrations negatively. waste.
Of Ol’ganIC The I’eCirCU|ati0n H|gh reCiI‘CU|ati0n. rate may The Composition Of Samp'es
waste) deplete the buffering does not present general

rate set 30% of the
reactor volume

capacity.
-High recirculation rate may
occur acidic conditions.

-Leachate recirculation
reduces in organic matter,
waste quantity and waste
volume.

waste composition.

‘The acidic condition effects on
metal release in landfill
leachate.
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Daily municipal | Lab -343 L cubic cell -The initial pH value was ‘The lab-scale experiment Giannis et al.,
waste which is -Temperature 22°C. | 8.35, but after 65 days it had | does not represent the 2008
regarded as .12 L deionized dropped, then increased to | conditions that occur in old
representative water 8.1 and remained almost landfills.
Of typ|Ca| h FlOW rate: 8 L/d COI’lSt.ant Until the end Of the |t was rap|d|y produced
waste in the experiment. i i ivi
il .Added deionized p microbial activity by the heat.
water to maintain 5 | T1€avy metal was ‘The temperature should be a
L of leachate in dissolution into the water representative dynamic of
leachate tank phase at the beginning of landfills.
the experiment due to the
leachate recirculation.
-‘During the above period,
heavy metals solubility
increases.
The MSW Pilot | -A FRP tank (W: 2 -The stabilization of the ‘The sample is not reflected in | Huang et al.,
which is m H: 4 m) landfill cell was very fast the typical waste in the landfill. | 2016
configured to ‘Temperature 40°C. | with the low leachate -Limited leachate recirculation
S|mulate: _the . Cycle time : 12 h recirculation rate. conditions to the waste matrix
KAOSmVsQS'Uon of ‘Leachate recirculation -Exploitation and fire risks
VN improved the microbial according to high temperatures
Singapore activity and the solubilization
of organics in the landfill
cell.
Daily municipal | Pilot | -Concrete structure | -Ammonia nitrogen, ‘A higher leachate Jiang et al., 2007

waste

10 kg sewage
sludge added to the
influent leachate

phosphorus can be
accumulated in the effluent
leachate.

recirculation rate may wash out
large amounts of organic
matter before the
methanogenic phase of the
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‘A higher rate of leachate
recirculation can accelerate
solid waste degradation,
landfill stabilization and
landfill gas generation.

waste, thereby, reducing the
biological methane potential.

Typical MSW | Pilot | -Hexagonal Lucite -Increased the rates of -Complex operation and Borglin et al.,

tanks (W: 0.71 m H: | settling and stabilization management 2004

0.55 m) -Produce more -Energy consumption for

‘Flow rate: 20 environmentally benign forced aeration

mL/min leachate.

‘Replaced water to

maintain 3 L
Sanitary Lab -Polypropylene (W : | -Leachate recirculation ‘It has not conducted to Bilgili et al., 2007
landfill waste 50 cm H: 200 cm) increases the degradation investigate the interaction
in Istanbul city Total 29.4 to 35 L rates and the pH reaches to | between biodegradation of

of leachate neutral values earlier with organic and migration of

recirculated within leachate recirculation. metals, and did not consider

the landfill reactor other pathways for metal

migration in landfills exist

Household Field | -Recirculated using ‘Ammonium was converted | -pH and temperature were held | Chung et al.,
wastes the sequencing into nitrate. by force. 2015

batch reactor -Although biodegradable -Require a long accumulation

leachate COD was rare, the time.

-0.25 m?3 per cycle bioreactor had high and -Methanogenesis is inhibited

Stable den|tr|f|cat|0n rates. by nitrogen_oxides_

Industrial Lab -Investigated the -The concentrations of -The solution for recirculation Rivas et al., 2019

waste from a

metal recovering

leaching metals increased

pH value was 0.5, which is not
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coal-fired
power plant

from solid waste
derived from
decommissioning
coal-fired power
plant with the acid
leaching solution.

with acidification due to the
decomposition of sample
structure at strongly low pH
Is produced.

-The leaching process with
recirculation was fast.

reflected in the practical
procedure.
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Figure B.2 Draftsman’s plot resenting the relationship between waste depth (m),
pH, metal (mg/L) and HA (mg/L)
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1. Intmduction

The growing resource use has, for many people, srengthened social
foundations, incomes and welfare. Howewer, it has ako produced
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negative effects; the world faces resource shortages Toprovide the nec-
es5ary respurces to meet demand {European Commission, 2010), the
transition towards respurce-efficiency is required. The global demand
for metak has arelerated to an extent where it is widely considered a
threat to economical and societal functioning (Watan et al, 2021).
Therefore, waste managemen t recently moves towands a Circular Boon-
amy by recycling pre-consumer manufacturing scrap'residues and End-
of Life products [ European Commizsion, 2018). Reduction and re-use
are the most effective ways to save natural resources, and as the UK's
mecycling rate has increased from 44.5% in 2015 to 45.5% in 2020
(DEFRA, 2020), there haz been a gradual decrease in the amount of
waste sent to landfills. Nevertheless, the total amount of waste has
been showing consistent growth [DEFRA, 2020 ). Therefore, turning
waste into a resounce is acnical key to a ciroular economy.

Landfills are still a major mute for waste dizposal throughout the
waorkd. It has been estimated there are around 500,000 landfill sites
across Europe [EURELCO, 2016) and approximately 22000 historic
landfill sites in the UK, of which 9 were closed before 1998
(Wagland etal. 2019). Landfills contain substantial amounts of mate-
rials, including metals, thus being a new potential resource base that
can become part of the Circular Economy (Wagland et al., 2019).
Metal{loid)s are an irreplaceable component, used in varous techno-
logical applications such as mobile devices, computers, vehicles and
medical technologies. Therefore, sustainable supply of metals is essen-
tial Ensuring supply from second ary mw materials, educing reliance
on raw material supply, is undoubted by part of a resilient and ciroular
economy. Enhanced landfll mining [ELFM) is a potential apprach to
meeting expected global demand of metals by mining disposal of
metals. Kmok et al. [2012) define landfll mining as *a process for
extracting materials or othersolid natural resoumes from waste mate-
rials that previoudy have been disposed of by burying them in the
mound.” However, it is mainly to remediate the site, and its success
and practice in materials recovery have been limited by economic infea-
sbility and the performance of technology, Le. what quality levels
[Krook et al, 2012; Wagner and Raymond, 2015). The concept of
ELPM, which started to develop in 2008 {jones et al_, 2013; Canopoli
et al, 2018), fouses on maximising the valorisation of waste as mate-
rials {WDM) and energy [WiE). which supports sustainable materials
management by recovering and recycling of waste generated through
the creating of the consumer product (Jones et al_, 2013). Howewer,
there is uncertainty regarding t he economic feas bility and environ men-
tal consequences of ELFM [Pastre et al, 2018).

In-situ landfill mining could enable the recovery of metals with ot
excavation through the recovery of metak from landfill leachate
(Kurniawan et al, 2021). Challenges remain in recovering metals to
high efficiencyand yield. A primary challenge for metal (loid s recovery
from leachate is the low concentration of many metals influenced by
several factors such as landfill age, type and pH The critical factors
that affect the leachability of heavy metals are pH and chemical mecha-
nisms such az precipitation, adsorption and ion-exdyange and biol ogcal
processes such as microbiomes which can dissolve metak [Dijlsta
at al, 200d; Saveyn et al_, 2014; Gutiérrez-Cutirez etal, 201 5; Gu

Scimcr afthe Toml Emironment 806 {202 150332

etal, 2018; Roy et al., 2021). The sorption characteristics of metals in
landfills are important with recovering metals from landflls, and the
presence of organic matter influences this sorption process [Spark
et al., 1997, Sapsford et al., 2017). Natural organic matter in landfills
originates from food, wood, paper, yard trimmings. Matural organic
matters in landfills are comverted to humic substances [HS) via humifi-
cation | Mallick, 2017). Organic matter is bicdegradable in the leachate
at the early stage of landfills and becomes non-hiodegradable at the
late stage of landfills such as HA. Thus, HS are the main organic com-
pounds in landfill leachate, and HA represents the most active HS frac-
tion [Zhou etal, 2015). It is widely recognized that humic acid [HA]
affects metal speciation behaviour (Quetal, 2019), solubilisation and
adsorption of hydrphobic pollutants, mineral growth and dissolution,
redos behaviour in soil [Scott et al, 1998; Liv et al_, 2018; Qu et al,
2019 ). Therefore, knowledge about HA's mles and interactions with
pH isessential for recovering metalks from landfill emd onme nts.Several
studies have investigated the characterisation of HA in landfill leachate
and digribution of heavy metalswith HA [ Bozlourt et al, 1999 Bonindea
and Drabek, 2004; Klavins et al, 2006, Gutiérrez-Gutiérrez et al, 2015)
However, information about HA's interaction, heavy metals and pH in
landfill environments is still insuficient. Thus, this shedy aimstoimes-
tigate the leaching chamdteristics of majormetals in landfill environ-
ments under the influence of pH changes using the batch leaching
technigue. The recovery should target valuable metal (loid)s that have
relatively higher concentrations in landfll environments or be exten-
sively used in owr life or listed as critical mw matedals. In this work,
12 metal{loid)s inchuding Lithium and Cobalt, which are critical mw
materials and strategically important for the Eumpean economy but
have a high risk amociated with their supply (Blengini et al, 2020,
weere selected toinvestigate the metal release performance and comela-
tion of HA with metals from the MSW in different pH and depth. Visual
MINTEQ software was used to explain pH-dependent leaching chamac-
tenstics of metals and pradict HA effects on metal mohility.

2. Materials and methods
2.1. Sample collaction and preparation

A total of thirty drilled municipal solid waste [ MSW) core samples
were ool lec ted from four MSW lan dfills lecated in the UK at depths be-
tween 3 and 55 m. Different cores were drilled vertically across the
landfill area, and samples were taken by a specialized private company
hired by the landfill sites operator [ Table 1). The samples were stored in
a cold room at 4 °C until analysis. The samples sorted manually intos
metal, paper, textile, wood, glass and other materials and weighed.

22 leaching tests

The batch leaching tests were carred out fllowing BS EN
12457:2002. Briefly, 50 g of comp osite waste sample was mixed with
500 ml deionised waste to evaluate the level of metals release from
the waste in a wide mnge of pH values in the controlled ste. Before

Table 1
'Washe comip asitean of the samples coliected from the st disd Lndfill sie (Canopoli stal, 20000
Zamples  Depth Years pH W aste sample Paperjardboasd  Medls Custoemmc  Tedde  Wood  Sodfine fracton Oher
na im}) iz = i (= i i iz iz
2 3.8 =10 11,561 2493 EL ] (=) 1463 176 e 1757
Avenage T4 5= 1247 178 EL) Tz ] Rl &
o oo 4E =n ns 458 =5 =05 okl 41
3 D35 =10 1L TEE 1405 TEE il k-] EE BaE =17
Average 758 arss 468 o] T 120 E] palx] E0G
b oo 13:EE k= 73 = I lEE 5
3 4855 =10 1zEa2 1148 245 151 m 13N 5147 45|
Average T =7 3= = = 1na 440 17E 1516
o oo a2 441 = E=] = =L 148 an
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the leaching test, the sampleswere ground toa dzeof <15 mm usinga
Retsch S 2000 grinder. The analysis was camried out for six pH vahes;
2 4,6,7.8, 10 The pH was adjusted using 1 & M nitric acid sohtion or
1 M sodium hydmxide sohition. All leaching tests were made in dupli-
cates. The tests were conducted in 1500 mL oylindrical jars with ribbed
cap. The experiments were perfommed with liquid-to-solid mto 10:1,
which reprezents typical field conditions {Bestgen et al., 2016) (LS.
where L is deionized water, and S is solid waste, mL g). The jars wemre
manually agitated for 3 repetitions of 5 min with 10-mimte intervals
between repetitions. The mixture was then allowed to zettle for
30 min and then was pressure filtered through clean 0.45-pm pore
size filtration membranes and then colledtion ofthe leachate. The leach-
atewas collected in pohyeth ene bottles and stored in a cold room at 4 °C
until metal analysis and performed anabysis within three weeks

23, Humic add analysis

Astock solution of HAwas prepared by dissalving 1 gof HAin 1 Lof
deionised water for investig@ting the impact of the presence of HA in
leachate on the leachability of metals HA content was determined by
ultraviolet light absorbance at 254 nm. The values were converted
using a calibrmation curve. For that purpose, serial dilutions of the con-
centrated HA stock solution were prepared: 1, 2, 5.7, 10, 15, 20, 50,
100 mg. Samples for UV e, were filtered through 045 pm membane
filter. UV3s4 was measured through a 1 cm quartz cell. The test was
conducted in duplicate (Table 2).

24. Metal malysis

The metals content was analysed by inductively coupled plasma mass
spedromery [ ICP-MS) (Elan 9000 Perkin-Elmer SCIEX]) after micrwanve-
asgsted acid digestion flowing the extraction procedure used in previ-
ous shudies |[Cutiérrez-Cutiémez et al, 2015; Cipullo et al, 2018;
Wagland et al, 2019). Briefly, Li, AL Cr, Mn, Co. Ni. Cu, Zn, As, Cd, Ph,
and Hg were determined by pre-digesting 30 mL leachate with 1.5 mL
concentrated trace metal grade nitric acid for leachate samples. For solid
samples, (L5 g of samples was mied with & mLof HO and 2 ml nitric
acid in Teflon tubes and left ovemnight. The vessels for leachate zamples
were placed in the Mars Xpress microwave [ CEM system, EPA 3015-8).
Then, the vemel were cooled, and the solution was filtered through
‘Whatman Mo. 2 paper and made up to 50 mL with deionised water. Az
for the solid samples, they were placed in a micowave digester
{Multiwave 3000, Anton paar | for 45 min atS00 W, and then the splution
was filtered through Whatman Mo 2 paper, and the liquid diluted to
100 mL A blank digest was carried out in the same way. The microwave
is an efficient and st digestion technigue method. Calibration standands
were spiked with several certified standand splutions. The concentration
ranges were (05, 0.1, 0115 and 0.2 mg// for the slements

25, Geochemiml model ling

Vizual MINTH] ver. 3.1 software program was used to estimate the
chemical species and the equilibrium mass distribution of diszohed

Tabie 2

Cammon propertes of HA (Adapted from Chamali, 2013, Silanpad etal, 2005)
Hemental HA Functional growp disribamion (Sof  HA
composstion | X by oorygen is mdicaied in funcsional
weight) roups)
Carhan S0-60 Cariooryd |=000H ) 1445
Hydrogen ] Phenol { —Ph) 1038
Cnygen 035 Aol | — R-0H) 13-15
Nitrogen 24 Carbamfl {~C=0) 413
Sulphur 12 Methay] (—0--(Hy) 15
Solubdlityin strong Mot

acid soduble

Siene ofthe Todnl Eméroument 806 (AE2) 150232

Tahie 3
The eoncemeration afmatal{losd s i e MSW ancomding o depé
u Al o Mn Ca M1
{mgd) (mgd) (mgd) (mgd) (mgl) (mgAd)
28m a7 m [ za 0ms sz
3-305m an 1065 o 49 oos 045
4E-55m w14 1325 n3E 40 0iars 034
u In As od Ph Hz
imgh)  (mgd) imgd) mgl)  (mgly  (mgd)
3-8m k)] 1475 o rarfo ] =IE o
3-305m 628 TS oo aoors 1767 oozl
4B-55m 160 a7 g OO 53 ams

meetals in leachate according to different pH and HA vahse. Data impurtsin-
cluded pH, alkalinity, temperature, and dizsolved organic carbon [DOC). A
temperature of 25 °C was used for all the mode] calcul ations. A senstivity
anahygs of the model was performed, which responses to changes in the
fraction of active S0M by independently varying S0M in the range
10-100% The Stockholm Humic Model was selected to evaluate metal
[loid)s binding to humic acid due to its known success in describing
meetal and DOC mmplexation [Baker, 2012). Typicalby, fulvic acid (FA) is
mere abund ant than humic acid (HA). However, to better understand
the effects of humic acid haz on metal(loid)s leaching of the active the
total solid organic matter [S0M), humic acid set as 9% and fulvic acid
formed as 10 The input vales used incuded total concentrations of
meetals L, Al Cr, M, Co, NiCw, Zn, A, Od, Phy and Hg and ionic strength
was also considerad,

2.6 Statistical amafyses

Ml tivariate anahysis was performed wsing SPAS 26 software toidentify
statistical by significant variance between the dependent variable tected
and effect on the metal (loid) s leachability. A mul thvariable shady wascon-
ducted mnsidering the comelation matrixes. In these matrices, each indi-
wvidual square mntains the ordinal coefficient of S pearman which varies
hetween 1 and — 1 and the significance level of estimated comelation for
each pair ofvariables [ Bisquerma, 1989). Significan e level was et at 05

3. Results and disusion
3.1. Influence of depth

The concentration of metal { koid)s in the waste samples (according
todepth) are provided in Table 3. Among all metal{loid)s, Hg had the
lowest concentration, and Al was the highest. Significant efforts have
been made to reduce Hg content at sounce, thus reducing the content
of Hg in waste deposited in landfll Therefore Hg is not expected to e

Tahie &
Peroentage change of metals 2 diffesmnt depshsrelaie o 3-9m.
s Al o Mn a N
Changeof 73305 m 561 413 4903 Erels] 5013 1434
Cangeof #5255 m mE: 1623 267 47273 178 sn
AeTage ITHG —am IBES ATIER BEDE  3A0E
Varane B7a7 0457 EIT44 I4E4AS] HESET AN
o n As od L] Hz
Change of —155 333 IB5ES 348 17897 425 10630
3-30%5m
Change of iEl 378 1maor 3514549 ESAOE 19ATT
48-55m
AeTage TOEES 3450 2RI IEGEITI  4EE3] 15304
Varane 1541671 HEEE0 16NE0E 13ES.T4ES 181176 ZIE4TS
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prezent in high concen trations in MSW [Cheng and Huw, 201 2). The con- surfice waste Layers; higher organic carbon may increase soluble metals
centrationsofmetal (loid)s tend tohave a higher con@nirationat3-9m  while organic matter bound to sail particles may enhance the retention
than other depths, indicating greater depth may reduce hydmulic per-  of metals {Frank et al, 2017). The concentration of Mn and Cd at 39 m
meability and increase waste densities. This is likely due to higher pro- was remarkably higher than ather metals; the composition and distri-
portions of non-degraded organic materials distributed variably in the bution of the sample may cause it.
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Tabie 5
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Therefore, metal (loid)s in the surface layer from the old MSW land-
fill have a higherc on@ntration because degradation cocurs dower than
at deeper depths. This finding is in agreement with the findings of
Reinhart et al [2002), suggeding lower layers undergo limited waste
srabilisation. Previous smudies also found the composition of organic
fine materials to increaze with depth {Mor et al., 2006; Quagheheur
et al_, 2013; Lozano-Garcia et al, 2016). It consequently increases the
complexation of metal [ loid js in organic waste residuals, and therefore
metals are firmly bound to the compost matrix and orga nic matter, lim-
iting their solubility with increasing depth (Smith, 2008). The composi-
tion of waste each landfill received, distribution of the waste, and
landfill area backgmund can influence the accumulation of certain
metals and its content. There were ohserved signifi cant negative come-
lations between depth and Li Pb.Hg (p < (L05), As and Cd con centration
[p = 0.01). This is likely influenced by the metal content of the waste
dispose and the binding of these metals within the landfill depths. The

Soience of the: Todsl Enviroument 806 (2A02) 190332

mehility of metals within solid waste is influenced by metals’ complex-
ation and by adsorption onto molecules of the waste (Adelopo et al,
2018). The concentration of Zn, Pb and Cu at 48-55 m was relatively
lower than at 3-9 m and 23-30.5 m, implying Zn, Pband Cu released
in the upper layers may be immobilised by holding the metals through
enhancing the formation of metal complexes in MSW that is over
10 years. It may indicate that Zn, Pb and Cu form stmong complexes
within stabilised organics. The strong met al sorption properties of com-
post produced from MSW have less opportunity for recovering metal in
deeper depth landfill environments. The results demonstrate thatwaste
comiposition influenced the compasition of metalsthatcan be recovered
within a different |ayer of waste and aged. The amount of metals recov-
emed in the surface layer of the landfill may be potentially increased, as
shown in Table 4.

However, depth was not found to influene dgnificantty the concen-
trationof metal [ loid )5 recovered. This finding is con 5 stent with the pre-
vinus study of Gutiémez-Gutiémez et al (2015 ) whoreported that there
iz no clear pattemn between metal concentrations and the depth of the
waste. As waste would undergo different stages of degradation over
various landfill ages, and compasition, it is not appropriate to compare
heavy metal contentszam pled at different depths Throughwaste mate-
riaks disposed of in the landfill are the primary sources of metals in the
landfill environment and leachate. Thus, further research is required
toidentify the factors controlling metals distribution, oxygen, which af-
factsthe redoxat the dite and the effect ofwaste composition on metals
content for inaeasing economic viability in recovering metal.

3.2 Inflwence of pH
It is well known that pH plays a key rde on the behaviour and spe-

ciation of metal(loid)s (Riba et al, 2004). Extracting metals from land-
fills and their leachate cannot be eganded as environmentally friendly

Metal Ti
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Fig 2 Mealleackung Process in 2 Lndfill and lsachare pH value (Ad apted from Zanol etal, 2012, Adhikan o 2l 2008
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and operational cest-effective; therefore, it is crucial to recovering cer-
tain high value and amount metals. Thus, we need to find a pH value
or range that maximises recovery of a wide ange of metal {loid)s. espe-
cially those of high added value or demand such asLi and Co.(Tang and
Steenar, 2016). Therefore, the release of metal(loid)s was examined in
abroader pH range between pH 2 and 10 (Fig. 1). It was noted that the
release of metal{loid s was found tobe higher in the lower pH range, -
pecially at pH 2 (Fig 1). Acconding to the values of Pearson comelation
ooefficient, Mn, Co, Ni and Zn show a strong negative comelation
[p=0u01) with pH. The leaching amounts of metals tended to decrease
from roughy 9% to 32 with increasing al kalinity of the leaching sohs-
tion, although some metal elements were increased at alkaline condi-
tions. The decrease of metal leaching amount in akaline conditions
may be caused by precipitation or sorption proceses (Dijkstra et al_,
A00E). The effect of pH on metal leachahility also difers among different
meetal{loid) species. However, the maximum amounts are released at
pH 2 for all metals. Tahle 5 shows the eoovery rates for the metals
from the concen tration of the initial metals found in the waste solid.

The limited release was increased in at pH &, except for Hg. Athigh
pH of 8-10, solubility of metal{loid)s can increase to a certain extent
dnce metaks can form stable and soluble complexes with hydmooy]
and disohved organic carbon or are released from the disohtion of sul-
phide minerals {Ho et al. 2012). The concentration of he avy metal tends
toincrease again in alkaline condition, which is related to the formation
of apluble me tal hypdroddes [Fig 1) (van der Sloot et aL, 2003; Cappuyns
and Swennen, 2008; Kriletal, 2020).

The results are inconsstent with Knil etal (2020), who reported a
sgnificant decrease in the concentration of Ni and Cr at pH & and Cu
at pH 9. The results showed that As and Cr release was low at newtral
ar slightly acidic pH. However, they showed the highest leachability at
pH2; itcaused by the disohition of iron coddes that are the main com-
ponents that hind to them in soils {Kryziak and Karczewska, 2007,
Gersztyn et al, 2013). They notably showed the secon d-highest concen-
tration at pH &, which may be attributed to the mechanism of pH-
related anion desorption, rep lacemen t of oxy-anion forming el ements

Humic

Sohence ofthe Todnd Eméronment 806 (HE2) 13332

and their bound in the sorption complexes by hydroxide ions. The
mst important mechanism of As and Cr, which are cogyanion forming
elements, is to be due to the disolution of the organic components, in-
cluding HA [ Gerszryn et al. 2013 ). The characteristics of Cu solubility is
in alignment with the findings of Cappuyns and Swennen [ 2D08], who
reported (o is charaderised by alower solihility in the pH-range 2-6.
The release of Al followed an amphoteric leaching pattern (Fig. 1),
which is similar to results reported in previous studies (Zhang etal,
2016; Cui et al, 2019). The minimum leaching concentration oocurred
atpH 7. {d release amounts decrease as the pH increases at acid cond-
tion, but the reduced amounts are not 50 much above pH & [tmay be
due to the precipitation of the metal sulphide phase, esulting in Cd
being pyritised [Morse and Luther, 19949). The releas amount of Ni
was lower at pH 7 for 3-9 m, pH & for 23-305 m and pH 10 for
48-55 m. The characteristics of Mn and Zn splubility follow the cationic
pattern in which the concentration of metal element steadily decreases
with pH.

Chromium recovery trend was identical to that of As and Al (Fig. 1).
Zn recovery was similar to that of Mn and Cd, which can be observed in
Krdl etal (2020). Cu showed that similarity tendengy with Ph. Fb are
maximum 41 to 50 times more released at the pH 2 compared the
leaching ammunt in the range of pH.

Owerall metal cations are most mobile in addic cond tions as shown
inFig. 2 In contrast, anion release increase towands high pH. These re-
sults are consistent with the previous study of van der Sloot et al
(2003 ). However, the release of metals does not ahways show a smilar
trend as the leac hability of metals can change depending on the type
and composition of the tested sample. In the case of Cu and Ph, the
leachability curve typically makes V or U shaped [van der Sloot et al,
2003; Cappuyns and Swennen, 2008; Sloot and Kosson, 20010). How-
ever, this study Fb does not show aclear upward trend between pHE
to 0. But it still showed that Ph solubility inarease at high pH of 8-10.
Al As and Cr presents a V-shape, similar to results reported in the pre-
vious studies [Rubinos et al, 2011; Cui et al_, 2019). The most pH-
dependent metal was Mn in this study. Metals from landfll leachate

acid
-

con (g/m3)
- »

depth

con {g/m3)

[Fig 3. Thie laached comoemeration walues of umic aod in MEW Ln dfills, acoording to depshs.

L3
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are typically present inlow concentrations; therefore, more effective
and selective recovery methods under acidic conditions need to be
determined for efficient recovering metal from landfll environments.
In this snudy, the leaching of metal{loid)s from MSW at pH 2 and
4 gave the most efident metal release and showed high concentration
atpH &

pfleta][]nﬂ]s leachability is highest when hydrolysis, Brmentation
and acetogenic bacteria dominate, due to an accumulation of VFA, and
apHdecrease (Fig. 2). Previous studies showed that significant heavy
metal leaching occurs during the initial stage of the landfill and pH

Total elements
: o
g- . -
o S [ ] R .
sk

Total elements Humic acid

Aluminium

H

Humic acid

T
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valses have a direct influence on metal mobility [Yao et al, 2004; Yao
etal, 2017)

However, depending on metal(leid)s, the characterization of pH
may differ, such as Cu having the amphoteric character, thus forming
soluble anionic species, and strong acidic conditions can cause environ-
mental problems due to most organisms cannaot tolerate the conditions
[Breeze, 2018; Kl et al, 2020). Forthis reason, a snitable pH value for
each metal must be determined to fit the entire metal| loid s recovery
process by adjusting the pH valse to the desired range and understand
the character of metals with pH value. Further research should also

Lithium

pH

acid

Humic

e wase depth (m), pH, mesl { mgd) and HA (mgi)
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develop alternative methods for eomvering metals such as bisdegrad-
able extraction agents using arganic acids {eg humic or aetic acid) to
red uoe reliance on strong add.

33, Humic add in the landjill

HA has a high sorptien capacity, which makes them capable of hold-
ing metals. Therefore, metals may be retained and are not leached out
easily. HA leaching tends to increase with the increase of depth
[Fig. 3). As depth is increased, the humification process increases. HA
is weeakly acidic with carboxyic-and phenolic-OH groups (Prado et al.,
i)

Tllecu'rel.ation between pH, metals, and HA s shown in Fig 4 (de-
tails in Supplementary data Fig. 1). Four metals among 12 metal (loid)s
are illustrated in Fig. 4. Li and Coare shown asthey are critical mw ma-
terials and Al has been shown as there are concerns justifying focused
recovery due to high content in the landfill. There was a strong positive
relationship between pH and HA, e, HA leac hing increases in higher pH
value Adsorption of organics on the surfaces would therefore be af-
fected by pH. The amount of HA increased by 2% to 4% at pH 10

Science of the: Todsl Emviroument 806 {202) 150332

compared at pH 2 and increased by (4% to 4% as depth increased. The
results may indicate that HA is not soluble at acidic conditions and be-
come maost soluble from pH &, It may be due to carbosgy] groups on HA
be ionised in alkali condition. The ionisation would lead to a negative
charge on HAmolecules. Thus, HA is more leachable in alkali conditions
due to lowered adsorption. This finding is in agreemen t with Sehagui
et al. (2015), who found that HA adsorp tion gradually increases with
decreasing the pH. HA is known to hind metals to their hydrosyl and
carboood groups and either mobilise metals or delay their release
[Leung and Kimaro, 1997; Bozkurt et al, 1999; Kochany and Smith,
2001; Klavinset al, 2006 Gutiémez-Cutiémez et al., 2015). Strong neg-
ative comel ations were found berween HA and Co, NiL Zn (p < 001 and
Mn [p = 005).

The Visual MINTE() has been adopted to describe metals speciation
in the leachate [Table &) As significant numbers of closed landfills
existinthe UK and across Europe, the mode] input used the batch test
resultsat depth 48-55 my, which would be similar to the closed land fills
parameters. The Stockholm Humic Mode] [SHM ) was used to assess
metal hinding to HA The results show that Li does not much affect by
PH However, all the metals show that high leachability at pH 2.
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The geochemical analyses ako showed that HA accelerated their leachability increase roughly 6-17%, especially at below pH &
metals leaching This finding is in good agreement with the previous  [Fig 5}
study of Usharani and Vasudevan (20 16), where an increase in HA con- Results expressed that a high concentration of HA can leach out
centration increases the heavy metal leaching from sewage shudge. Cu, metals but can be in lesser concentration depending on the metal
Ph, Ni, and Znwere all significantly affected by the presence of HA az indicating that the visual MINTEQ mode] could predict free ion/labile
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species efficiently under different environments, such as the
acidic environment. With an increase of HA concentration, the im-
provement of metal leaching rate is not apparent, which may he
due to excessive HA can chelate with metal ions and red uce metals
release (1).
ROH +Cd** o ROCA™ +H* [13
Metalions can effectively chelate heavy metals, thus delay their re-
leaze; in aembic conditions, the HS lose theirbinding properties In ad-
dition to chelating metals, HA is applied in the bioremediation of
enwvironmenital contaminants as a redox mediator {Maurer et al., 2012,
Lius et al, 2018). HA is redos-active for enhancing microbial reduction
«of nitrate, implying their great potential for acting as a redos mediator
in enh ancing multiple micrebial reductions, resulting in affecting vari-
ous biogeochemical processes (ie. irn cyde. nitrogen cycle, etc) as
well as in situ remediations in an anaembic environment [Zhang etal
A118).The leachin g efficiency of HA shows that be comparatively higher
at pH 4 to 6. Most metals can be found at the beginning of the humic
phase (Bozkurt et al, 1999; Gutiémez-Gutiémez et al, 2015). Therefore,
Fig 3 showed the sharp contrast which metal{loid 5 mlease in acidic
conditions and HA release in alkaline conditions Chelate compounds
“hold*metal and, in consequence, it can be immobilised metalzin land-
fills. This is probably due to the distinctive ring structure of chel ate com-
pounds, in which metal ion is surmunded by a molecule like, for
example, humic compounds | Zhou et al_, 2015). Computer mod elling
revealed that the HA could strongly bind metals. Also, it showed that
higher pH is mare effective HA binding with metals and metaks are
mare soluble at lower pH. These are caused by the fact that at lower
pH values, less acidic functional groups on the DOM molecules weme
deprotonated and available for metal hinding (Stevenson, 1994). How-
ever, Li. Co, and As do not much affect by organic marter. Even the HA
dominated DOC fractions in leachate, the leaching potentials for FA-
metals complexes leaching out were relatively high. The soluhility and
complexation ability of HA is related to their interactions with metal
(loid)s and other envimnmental conditions This interaction leads to
the formation of metal complexes and chelates, which influence
leaching amounts of metal [ loid}s, and the main factor influencing the
interactions of HA with metals is pH value. Acconding to the modelling
results especially, Cu and Pb were bound very strongy in metal ion-
humic complexes In the acid to neutral pH mnge, HA iz a vital biding
oonati tuent for metal (loid ).

4 Condusion

The leaching performance of metal{loid)s and HA from MSW at var-
ious pH was investigated. Batching leachin g tests showed that the opti-
mum conditions were pH 2 and HA 28 mg/L for recovering a broad
range of metal{loid ). Al, Mn, Cu and Zn may suggest recovery opportu-
nities as their contents in MSW are high. Analyss of the mobility of the
metals through the MSW suggested that these metalsare not being ver-
tically transported completely, and no clear pattem was identified be-
tween the release of the metals and depths due to waste would
undergo different stages of degradation ower various landfill ages, and
composition. However, the metals showed higher concentrations in
the surface layer in MSW. The recovery mtes at different depths are fol-
lowing Phb = Cu = Od = Co = Liz Mn = Zn = Al=Ni= Or>» Az Hg for
39m, Co> 0d = Zn>= Ni= Mn> As =Li= Or> Al> Cu = Ph>= Hg for
23-30.5m.Coz Zn = Mn > Cd = Niz Li= Cu > Fbe> As== Al Cr= Hg
for 48-55 m. For mostmetals, their con centrations have decreased with
increasing pH. Analysed metals increased at pH 8 except Hz HA are
sparingly soluble in acidic pH. HA promate metal mobilise, but an addi-
tional amount of humic acid may assist metals removal. High levels of
HA canlead to extensive complexation and chelation of metals. Metal
recovery in MSW Landfll may have high efficiency in the surGce layer,
at pH 2 and 4, with an appropriate HA concentration. However, the

Soemee ofithe Toaml Emiranmemt 805 (XND2) 150232

relationship between HA and metals is still unclear. The capability of
humic acid for interactions with metaks is strongly dependent on pH.
Themefre, further waork is required to explore the mechanismof the or-
ganometallic process because it can govern the mobility of metals
resulting in enhanced sustainability and economic opportunity by re-
covering metals by understanding these effects on metal mohbility.

Supplemen tary dat a to this article can be found online at https:)doi
org 01016/ scitotenn 2021150332
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Bzin: The gory shaded coll indicaios metals ond meialloids.

the waste composilios i categoriod i orpanic (food ssd garden wasti],
paper, plai, plass, metals, ete, Tablke | shoaws the compositios of gobal
waslie

A wihe vesiety of suesal is eollectid Bt e leckate as @
dening through S pile of waste B de landfill (Egpes o ol, 2000
Edokperyi o al., 201E). Ledchate is alss rich in ammonia, which ranges
Erem 50 e V1,000 mg/L ad inorganie components such. i ieos, chlo-
wini, sulplsin, and it (0 mis and Junesedy, 2008; Luo o al., 2000;

Fics et al., 201 Prev studies Sacdind that ia B gk
petneipal polk Por— iy crganies (Kl el
ok, 2006A) A i nitregen in the lisach il dis 1
there is mo degradation pathway o fa. Therefone, & high con.
Lt of T p— e

Table 3
Sebecied ot of leschain diry o bandfill e
Wioameg kraerrsdlay [= ¢
g (el =5 5o w1
i i 4575 ErE
o imgLy - T 430010000 cEEE
TOHATEHE =i A3-A5 i
LR R =il Ad-43 =
argands v VFA - W
e T + hasmic and
i i
Heuay mital Law Lova <X
Jra T mediam =k
kot s i Drarabramad WA ko e al
diriatin raage bigh [Fris]
o o ol T
kral
Edel
]
ErpEeL
ke gradabiling s Medirn Bl ot sl
N5
lifetisai o & lanadfill [Bor 1 aal., Melew O 1, which messs
ialy bk & il )y itrusg
cemtent. A Lindfll ekl aps, the in-
ercases, whikt the biodigradalde iraction decline e so the sabilba-

loh pris (Uood o al, 20000 Asimeala alleigen B deh in aldir
Linclfill besechste: duse 10 byl el ion. o the oi

i s of, Dol sl

Wl ased Mlirwinie, |'“"|l“sl The
s ni remtgden for a beasl 50 years in the

w ﬁlﬂ-ﬂﬂﬂ:ﬂﬂ L5040 ql"l.l:l.lduumn sl K . 6]

The setal nitregen con-
Ihtﬁhﬁltﬂhlﬁwimﬁmiullmn 1 al, D15)
I alficts i d dich i Bscalion, scdificatios of wali,

Timiciry mmmmwmm{uuumuu}
Moo, 20061 Adkde [rom is
w&wuwﬂquihl#mumlhwu
FCOEFRNET Iplpw&,-hﬁmh:ﬂﬂhuwm
b (il 1 8L, 2004 Tostal nitrog P

muummmmuummwm

! plsspbans levck remained atvady theoghest (e o o,
2007 In compomds muy conskl of ‘harrdal -
i diieh i Ph, Hy, asd Al B piine T or cemlesad with etk el-
wments (Lan o al, 20050 b beckate conluiss & wide range of melak
and aud o B Bderid @ gl iadl e sl amed nu-
ekt seviavery. Hinmiseee, s i ki elallengis sssselated with the
wethod e mevt the need e 2 st

it balde: il "I'htltg.l""_,uumlﬁ-
wry [xoem liach b e o om ol melak which s ofien
alfoctid by Landfill mge and type (Tald: 2).

Thet lisechani: prodecid s poeng landfills (5 peaet old]) costaing a
deqﬂwmrmwu
i walis whick szl
dmuﬂumn-.ﬂm velstile futly acids (WFad) are
prisharnd. g, dlic, propicsic, o-letyrie, o-belyre, bevaliri, md
m-vederie acid B is very well keown Dl oegesic acids, sk an ¥FAs,
wmay play i ssential sole in e sobfsation of metal Seoegh el
the feemnation of sl lipand sl comples o a diasece of pH
Deloleey et al, 3021, This, YFAs are comsidensd valuahle sehatnanis foe
mrlal  disolidies, inereasiag the celiase of métali is lasdill
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Organic matter

coae,

Fig. 1. Peocwsses oocurring in lascSils hat affect svetal wababely
meeah rrtereson.

L ' -
=

Yeung | of its high coment of
Daodegradidle crganic matter. BOD (Biochemical exygpen dersand), 000
(Chemicad caypes demand), and BOD/COD ratio st i indicatos of

sticrodial activities and cegrsic p BODVOOD describes the

2 of rmetals with crganic matter snd mechansem of bumic acid for

dssociation of protoss (Slcvemca, 1P The decroase in VFAS in-
creases pH; consequently, smelids have & relatively low concentration in
obder landfill leackate as the solulaliny of metals is deceossed with

Déodegradidility level of riadi by which orgasic maner containisg
Beackite & readdy Beoken down in (he envirommest (Sannlo sl

i 8 pHL
3. Physicochemical factars affecting metads salubility

Murghoodihurdjo, 2010). Therek young leackide shows a high

BOD/COD indicatar. Several fcvoes affect metals sodubility withis selid waste deposits
As Liesdfill age increases, the BOD/COD ratio in leachate decreises Fig x)mmmmmmm

(Fuide ). This s due 1o the dicomposition of e mujority of bode- lh/p-#hlhd Irerals, soeption, i exchangy, organic sl

FL i and snall ity changes of beis degradabd lexation. The g suatrix redox chang,

mmulhmcuulhnddk daticms begi li

(luhln 215), M-wmm'ﬂm”h
metal releae by dexats .‘—-—A o (Zhesy

et al, 2008) Obder keach froms the TRicgy mnpmu,
characterised by the lower concentration of VFAS. As the content of
VFAs sed other readily biodegradible organic & i the
wmmw mattir (OM) in the leachue Docosses
doerst ¥ i, such ks bamic acid (HA) sead Selvic
sdd(FALMmlmnlu-mhthwnd
nd elther modilise s o deday their release (Lousy

and Kimmare, 1097; Bukert e al, 2000; Kechsny and Satlih, 2001;
Kl bonian 01wl 2008¢ Gutideree-Caatherres of al, 2015} The hussie sub-
stances (HS) give & dark colowr with incresaing pH dee 10 the

hﬂlh e cegiesic biogeochemistry of
lhhﬂnd“ fore indk: g the doelaviowr and fae of metals
within bedflls (Cloivemen o o, 20001) Gaining indghts into the
prochemitry of Lodfill is therefore neoded 1o better undesstand the
sclulality of metids sed prodics swtals recovery.

31, Wehering end notwral stenution

mmﬂmd—ummmmmmhu
weithering sed nateral o, Duting heriag p “
mmahuu‘ ical reactions sech as hydrolyss
P Yieart caant Suction of metals,
|mdmmﬂmmmmnt-u
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Fig. 2. Effect of pif on the adsorpeion of copper: at kower i, the

the sorpesca dtes beoame aexilsble, and the ad of coppes

(Chimenco e al, 20005 Polerist ot al, 200 Saffursadeh o oL, 2001;
Takaluashi jsa! Shispoka, 2012). w-mﬁmmhhﬁ-ﬂ “a
process by which the i h is reduced 10 an
.«w&mqmmnmm%uu
Bilise metals (Beaven of al. 20175). Bad on the dofisision, (oaity mea-
el allemsation mechandioms are destified as physical (diffusion,
mwmum;a—utw
thom, adsorption, ion sedax reaction) and Mological (bisdeg-
mm)mhhhmnhmmhﬂbpﬁu
Bow the metals ia the lisadfill environmest will behave over time when
eaposed 10 he woithering offects of infilirating minwiter and the -
moighure. The effect of weathering en metals solubility is likely 1o be
significant as pH is & dossinant ir in memls solubility asd
complesation (Sonm and Morgan, 1961). The redissolutios of theie

d by M+, and the sdscep
Az igher pif, the copper precipitated (Adspted foom Abvar o1 ol 2097),

of copper e low;; whes the pit incowees,

m:hﬁm&-ﬂymhumd-‘h-ﬂlh
comtrolled by the selubility of Ca{OH);. Theref
Jewds 10 4 decrease in pH (il o ol 20039,

3 L1. Oxidution
Several stadics Bave been shown the formation of Fe/Al(hydoue)
wcciddes madd caleite by wentheriay. [f indicates tha swetals relesce tmay be

lled ¥ cwased by th g (Zrvenbergen
and Coenasa, uni Meims o1 ul, 1997 Mebna and Comuns, 1999
Sidlacended o1 al, 2011; Takahashi snd Stimacka, 2002) Seffareadeh

eal (2011 peoposed the fullowing order bised an their direct susal
uptake capacity: Fe-hydrate > Albydrate > cileite. Calcite i sot
m-hmmﬁmmmyﬂqnmmm
braffering ®e system, pH

15403 T 1E+ 0T
(2) , (0) W
= IPITIE ¢
Y 1Es01t
Ao, | § 740
= 1800 T
§ Fol0H)
1E014 ' 1OM),
= aemt S s Fes
CuOM], s >> e
1E-03 4 1EO5 4
0 2 4 6 8 10 12 0 2 4 6 8 W 12
pH pH
& 7 8 9 0 1 12
o
g 3 =) delity of cowtad 1] of metal milphide, c) Solubilty of metal ydeoaides xx & functios of P ees bscoess of al, 20020
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Tore

Leachate pH valoe m‘wm

Around 7.3

Around 5 Peak

Arounds Law 4 Foemation of
Stablp organic
compounds
are formed

Age Leachate pH value
<5 yeans 65
5-10 years 6575
> 10 years »15

Fig. 4. Siclogical decomponttion procos, metsl lesching procves 1a 8 lasdfill and keachate pit valae (Adsgted from Zeooel el 20025 Adiset o al, 20140

metal Jeaching, Thus, weathering is expectod It i & reduced metal

solubdity in the lony term (Mnm .md Coruana, 1999).

312 Sorpion end precipilation

Tesporal studies of metal modility in soils ow thal moldlity de-
croses over time, suggesting that & high peoportion of metids within
Municipal solid waste (MSW) which cosmsists of ¥ e we e
and hew throw wway, ke insoluble (Pooes and Slem, 1900 Aucorn,
200n). The escoes for the roducad sobdity of metals in soil indude

excepn for Fe, Al, Pb and Za.
Marckicentte of al. :m.wu-ﬁ.h-‘n-nmn
in Bendfil lusech I may cecur b
o, muhmm-ﬂmmm‘mmmm
ability of metids is alio d by the iead s piysical affisity
d-ﬂu-ﬂnﬂ:—mmmhﬂmm
(Ward o wl, 2005). Sulphises &= wiste are seducad 10 sulphide that
Sormns insoluble precipitioes with most misls or contidsing asting scids

2001). Dissimilaory seserobial

ﬁh' anaesodic (Chriviensen o ul,

Aeseti

plica o= soll pectichs wed particulacly 1o HS, precip usder

is when certain bactesia use wilphate is the ok

L

ar e Mecupaics, and chelsticn with insepusic asd
mwtnu[aummn.l 20001). O “al

¥ cidsticns of copanic suates. However, COr does sol form

<m:-m4mwhmaum-w

pellutice peodlemn due 10 stroag by sarp and pevcy
thom (Fig. 2).
In general, Borg chale rasgis b 1 and 2000

qummmwmwm
-nm-umnb_mmnm A

an Iphide; # s only precipiated out in the Seem of hydros-
ide. Selphides of the metils are moce difficelt 10 dasalve, both in ati-
dising and seducing envaronmenats () Lo b wed Blenboon 1000

313 Cerbonstion ond redex

m-naha.‘hdfamm-mgﬂd
are alund, dess, the solubility of sl

metal poweipl depeading on the el spoci

(mem aal, JUH).FIp, Jﬁmmdmlsyﬂnud dected

b Is "“(Ulnﬂx.‘nnl(lnl 200) Metdd pee-

i of cart dve, where the carbonase nease will

metal Sons and their nespoctive selubdity verses pH. Cu sed Ni have 2
similar curve, albeit that the meisimus sobubility of Ni occurs w
approcimately pH 10.5 asd the misbssum solubilty of Cu oceurs it pH 0.
Za is asegphoteric, being solable in both acid dad alkaline conditions. Cu
and Zn readily foem metallic compleses with ameceda. These metal

mmmm-mmmmnmmm,&-
(leldbion o0 all 2010). As attessstios mechanises affect metid con-
centration and suability, it ould be adired (he mutal adioopt

and p itation pH rdaticaship for -‘h-imu’m-
mrm-mmkphdm ‘l‘h-ﬂ-pu-ﬂlb—

mmmmammmma b ey
maetal b P dpiide & inscluble, asd

?
Tedrid,

ind should be desed when comidering mesal
nlﬁ.y.n-hn, Ba ofthe p ity of a chemsical

the p of sulphide procip o.unmr-nm ar hiakogical spocies 10 either aoquine or Kise elictrons through iosiea-
iacul complex. Procipitate in Lindfill esvi gyt tion (L sed Mursball, 2019). Viious p £ Landill lesch
Saus 10 crpanic & sition and 1he Sormation of microorgani reflect Iransdermations & redox potertisl. Far eanemple, as sulphase &
during the procss of methiaogeness (L 11 ol 2015) According o dacwd, their oess o An i in rediox poteasial
Fig. 3, peecipitutica is unlikedy 10 occur in Rrongly aeidic conditions  ¢ffects on the oxidation of reduced salphir compouads 10 S0
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carboa b

Arkaa suchasgs waer Srdwiag
smba, carbacylas, carboesd
shrckalic Gl

[=, P carborylew, srdres . cartsayl
Aicdwd CH

Lipwed soctiang dydged bovadeg carboalas
wnise, curbarnl, carboayl,

‘a3 der woods bonding anchorged, Bonpolar orgmak
A vl §roaps

Crnidation of metal sulpbides ldes place, leading Lo melak nelease, The

Ol 392 [0 L1MIE

wobility of metals (o o1l 2006). To the bt of our knowledge, s
werrk bk Buen mipimtied on the offeets of trpanis matlir decimpariton
ﬂﬂﬂh“wﬂhwﬂ“ﬂhl
rnrlils Berve cilferen sy oxt Ui chy iti
mlur.mmuﬂ-thnwnnmmniqhkum
degradation on the nekease of inddvideal mertals

A% Cheatisn and compl withs arpasit sl

Most metal ioms bind & sewinad molecules in Sfferent ouidation
stats called @ ligiend, defined as an fon o melicee that binds 10 4
crniral mutal stoem b e & comples (beth srpamis carbeaylie ik,
bt e, ks sl innmanie ) [ Tabite 4, Ligands lnaed b Ui Taremiion
of et eoeprlenes and metal eheltes. Complezation with sepie 1.
et s enerwst Lo influener the sobdity of selal by either inereising o

middin conditions is lindfill beachsse aifeer malalorgasie | i
through e anganic Egands o teganio, aee sessitive oeedas conditioes
[herien and ke, 10901 Abindant OM lendd 10 B low eedon
potimiial values. The speciation of sk, which is celased 10 ther
molliny, i dependent oa pH, midos, and organi e somposnds [Baus el
l:luu.ll_'.nl 200l Eeeh of 1he osidaon slates has difieenl setal
and ceganic i rey mobilise i1 10 an
mmﬂrwupﬂﬁmm{lalhﬂ ol &l
L3). For exsmple, |Ill,iﬂll_\,i ol (1007) o that Ph wiis Bousd o
x g ey ke ndder ouidised soed it As b Land-
Hillend it albiliod 10 neduwsng il Py s bl ool Chisin
el al. (1005 alia repocad e the solubilicy of Ph, Cd ésd 2a in il
Emereaned when medes polential divriased, and this was due i e

DH*_
i e weliaie of melak. 0 eontrast, S and Paiick (L07A ) fed e

sl Zn & d it Lo svadue pantenitial, which ey be casid by
dilferent envicommental condien and il ype Alsa, Eamon o al
(20002) Feweal thial b risdinn pestential and alkaline comditions Sduged
By sl pespinatios in Lindfll sites end o prossst imeehilization
of B b  mobilisation of oo, Ceerall, sidi prolisi) stroagly afieets
thi Buharvioes of sietals in loachale even Bough e usetdalaly ne-
siabin nigasding to whal degmie sech s diffensl mvisosiesial
comlilii.

32 Oeponi: o decompoition and meaol bockhiin

uumwwmwwww
stages of ecpank b

ik ry dii Tabdic 1) {Calione en il 300 0; Paceenis, 20005 Stalicy
o u| LU :J..;...;.md.du.x AU

Amimy the arganie ligands, HS v e main orgimic compounds
prosent in Lindfill leselane (P o Gl 20050 HE are the main
comtpontint of ssil O or himus mosl of which sobine wilk the
inorpeaie omslibaals = th sl (i, Jmc].H.ihuMﬁlmue
il ehermical gooeps (rmbomy], Bydnnyd carbuaylie aid li
HHWL-&HH;W-M&;—&MP@ M,
uu*'uwmwmwmuumfu
enetali [ Tippeing ot al | D). Gererally, the potistial for comples for.
emalion Delwien el and i with pH aliali
{Humsed o al., 2000 Fireah and Pickicieg (19075) dhowiad thit the

w&mmuh#ﬂw-luﬂupﬂsﬂ
aberee although th capeacity fee L
fiH {Asnels i al., SE0H). mmmwumm
o U bty of e o il metal e, Esakbu
ot al. (200%) reporsed higher aability eosstants fe Cu complises with
el v Bl o Disaed s Bty Ol coonlil i thee rgietic Eaction
Pleuslit, artistes, and carbonylali grougs b et 2 i af
nuuleu:pluuuh@pﬂ.i-m—enﬂnﬁmﬂtmh@h
pHl hevalls (Bliermerts ot al, 1908]). Charb and hryd
grtesgd shin acid-hase behavise.
AL berwe uH, hydringen i e el witk e sl s lor thes silis,
and m pH inereases, liss hydsegin bons e prsest wd comples site

Mhﬂﬂ]uhﬁ“[,\mll e al, HHI5) Thise are

g Hhe e o diff mtal s, &

&Ihmﬂr ¥ d Functiosel grodup infl tht 1y ol pikection

ﬂml ||mmmuﬂmmdhmmhmh
i [ - s

mumluumumm= dralysis, f
ndﬂwmud—mhn&m—hlhﬂw.kudtpﬂ

decnsase (Fig A The primary ecids foemind dering Nementaden ane
aceie acid (CHaOO00H), propienis scd [CH CHACOOH), betyeie acid
TCHCHACHAZCOOH ) snd alacsl {CiEHgOH). {‘Hlm.ylk tlﬂ. nﬂ: -
chelating agents, asd theve may b s b i

At on hemic wmtwﬂtﬂhdqnmm: kiin
ol Al 20000 Qa1 al. (2005) demonirated thil sl i leachale ane
Bazuarad o eorpanis sulstanees such as By scids, Fas ssad HAs. The Gary
acids, FAs, and His conisl B lechans deconase w Lssdfill age in-
ennaiis {Fas o al., 2006 He et al, 20065 Qu et al, DO06]), Tha fatry scids
ane swemulated dering e acid phos of e wiote slabilisalaen

ﬂl.Jlrn}. o sl Bjedkdiem, 1050 PA pridomi = oy i bl
i ard s i o s kardfill e mwrescis The
HA i dhigaka it ook slicrolind digad N’W

:l.lli.l.llyuawln(.ﬂmllun it al. :uu.»].

Sail omganic malker can hﬂuumﬂl&;ﬂwﬂﬂ
wmmrtal, whive complexal e smdily s L
(Eenmou o al, 2015). For cxkmphe, Mmﬂlm ek in
sluble ergemic cebos and a large popectios of FAs sce applied o eil,
el mokality incevases due 10 the feematios of wbelle sotal-arganic
complex (Porec-Eslebas ol gl 3014 In contmst, whin & chelating
agent binds 1o a metal s B son than one plice sSsullassudy,

chelabed conpounds Bivome oo stable (7' daer, Z00). M Bk liveng.
een s L deeaiations fey bead o inerease metal solubdlicy
[ 3 m dsorplion {':.u.dllnnl ind MeBoide, 1978; Beadl, 2004;

Gingde and Bokbaler, 2000 Aleed o1 al, 20090, Similar observatioss
have been dbown b ootur within the lediilled wase A veslory of

in!lhl-lhhtriﬂiwllhlhl@ﬂ" i Iy sl

B0 the beackeate Buvomes moee stable s diluned a0l hlll.'n'r ..-ul
Fuller, 1962). HA hes mese carboxylic groups than FA and conlaiss
B of arommtle C=C [Giotafson asl Benggeem, 20060 Shirdbova
el 2006). The: binding copaciti of HS o sietals withis eachan: asd

g § i can be dl in e kel which affised the
' | for suetal-ongasic Etereclios Beoagh the onganic ligands.
Prwions sludies blisid thar disolved orgesic samer [DOM) in
WEW B i g alTininy for metals, especially for Cu desed Ph(Chriiessm
o Al 100, D000 HLIO et 6L, 2008} Mest inssluble motals ane poesent
ummemummmmm
Vi son of these metali o & seluble foom through complisition

sulid weste may Enply s the solubdity of HS awongly i ™
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Fig. 5. Leschwis oecieraltion simiegy i meial reossery.

appears likely (Takahashi ¢ al., 2000). I issalible setal D0 oom-
Pl ani: forsed, e mobility of e metak = eistion ad thi DOM o
wilich Sey wv complex divreases. Metal sobiiny is ks chie when
silulbli seenplesed ane enralod with D08 { Jareaes o1 gl 2005). O e
uthﬂkmhwhﬂﬂhmﬁrﬂmnﬂldh
! i | progs phion Lo il particlis (Eaber o1 al | 1997
) bisding v DOM pﬂ-huﬂ.ﬂu.l.lﬂ.l.ﬂ'hj prcEpitatian of iase.
et perial cosmplenes. On fhe other hand, the schilty of soluble
sital-DOM svald dinstic: comipleses when hiy bisd e soil padice
Ehioiigh catis bradging (Cupgmbenpir and Zach, 1FIE),

The leachability of metals eosld be mhancsd through Egasd
complaalios where spane: fcid vach i carbaaye i and phmak,
Frermid during the d af argani s, 4

o Mari dusorpiion mabiliry (Corvees- Riba ol al, J05; Begeal, 2008
Duascdiinali and Kaliicd, J000). The oase fiems of Oa and Od can lors
mw.ummmummum
lesading v el compleration and the fommatien of dssol
oertad-chdoride compousds Beresse the mebility of mels (i |usd
ofal, 2000 Damikouks ssd Katsird, H20). This impliss thar keachate
riincalition alficts sl recinry. Lischite rocincslation can dagnifi.
wantlly inflnes il Bebaviour and e within wle milsbos
ALsalabicrics and Kiscoserk, 20041 Fer eniesple, Vi o al. (2014) el
fiilind 1o faster slabilisation of the
lanARll sl ridisetd aehability of Os and T feoe e lasdflL He ool
[T IHHI.HWIIHI eicictulaling keachate, which i by the

mmmmmuuummwmmﬁm
satind DOM, witich bncrvases the availabilivy of sorption s for bindayg
el {5 ey rron, 19800

Jimsen 1 nll “Walwmmﬂmu
= Landfill d in the Vigen bandfll They
Hmu-pmawlnum-pnmmupudﬁm
eomttimt of hiwvy mtale Cd B5%, N 27-62%, In 16-36%, O 50-058%,
and P TI-901%. Ealis o1 al (2005) Ssund Bl the mal-Bumic acid
comtplenis icome e destinant somplesed speeiis when huese aeid is

= bandfil in (Be early stage allowed methiso.
Mlnhﬂﬂﬂﬂhﬂﬂnlm-ﬂwnn
redbartion of total metali nelesed Eom landfilli In contrad, Cu et sl
(20065 dermvirarated thal e il Sage of bachate rcincelatios had
lerw Ieichsine pH (5-61 s highly VEA bewedi (arvtate 8500700 mgd,
propsaat: 4502950 mg L and bulysate £500-7200 mg /L) dee 1othe

idificati il e ks sietals wacs high
b thi slage. mlxnln et al |.¢|||| |mmmwgmum
adgnificastly 2 i et bigirming uf each lasion as in the
daly tagis of the wese degrication, pH of the linehale & low

poesenl. Yool al. (200 6) cepestid thal ree of e complixe b Cd ibutiegg 1o higher solubilicy of sl and disoltios ino bachate
and the HE wisiild b balull, el e s ik gl ils {Fig- 5L

sigraficanly po the reductios in the concostasion of Cdl bn soll soletion, A stannd previoesly, dee e the low coscentrations of metak, the
Vs Cinssles of &l (301} JMMIHHI:H}-MHH iy 1o meke i il nh'th'- ing il i b =i
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