
Waste Management 187 (2024) 262–274

Available online 29 July 2024
0956-053X/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Research Paper

Reuse potential of municipal solid waste incinerator bottom ash as
secondary aggregate: Material characteristics, persistent organic pollutant
content and effects of pH and selected environmental lixiviants on
leaching behaviour

Felipe E. Sepúlveda Olea a,*, Ian T. Burke b, Arif Mohammad c, Douglas I. Stewart a

a School of Civil Engineering, University of Leeds, Leeds LS2 9JT, UK
b School of Earth and Environment, University of Leeds, Leeds LS2 9JT, UK
c Geoenvironmental Research Centre, Cardiff University, Cardiff CF24 3AA, UK

A R T I C L E I N F O

Keywords:
MSW IBA
Metal leaching
Persistent organic pollutants
Circular economy
Environmental lixiviants

A B S T R A C T

Increasing municipal solid waste (MSW) production poses challenges for sustainable urban development. Modern
energy-from-waste (EfW) facilities incinerate MSW, reducing mass and recovering energy. In the UK, MSW
incineration bottom ash (MSW IBA) is primarily reused in civil engineering applications. This study characterizes
UK-produced MSW IBA, examining its pH-dependent leaching behaviour and response to environmental lix-
iviants. Results show predominant components include a melt phase, primary glass and fine ash aggregations,
and a chemical composition dominated by SiO2 (30–50 %), CaO (~15 %), Fe2O3 (~10 %), and Al2O3 (~8%). X-
ray absorption near edge structure (XANES) analysis shows that Zn and Cu are most likely oxygen-bound
(adsorbed to oxy-hydroxides and as oxides) with some sulphur bound. Polychlorinated biphenyls (PCBs) and
polychlorinated dibenzodioxins/furans (PCDD/Fs) are well below regulatory limits, and polycyclic aromatic
hydrocarbons (PAHs) were undetectable. Leaching tests indicate trace elements mobilize at pHs ≤ 6. With a
natural pH of 11.3 and high buffering capacity, significant acid inputs to the MSW IBA are required to reach this
pH, which are improbable in the environment. Wood chip additions increase leachate’s dissolved organic carbon
(DOC) and reduce pH, but had minimal impact on metal-leaching behaviour. Synthetic plant exudate solutions
minimally affect metal leaching at realistic concentrations, only enhancing leaching at ≥ 1500 mg l− 1 DOC. This
work supports MSW IBA’s low-risk in specified civil engineering applications.

1. Introduction

Continued growth of municipal solid waste (MSW) production (2000
Mt year− 1 produced globally in 2016 as compared to 635 Mt year− 1 in
1965 (Chen et al., 2020; Kaza et al., 2018; Shah et al., 2021)) has made
its management an increasingly important challenge to the sustainable

development of most cities (Zhu et al., 2020; Loginova et al., 2019; Shah
et al., 2021). Therefore, incineration of MSW at modern energy from
waste (EfW) facilities is increasingly used to treat residual MSW,
reducing its mass and volume, removing biodegradable materials, and
providing an opportunity to recover energy (Zhang et al., 2010; Shah
et al., 2021). The World Bank reported in 2018 (Kaza et al., 2018) that
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globally 11 % of MSW was disposed of via incineration, while this
percentage was 22 % in high-income countries, where this management
method is primarily used.

MSW incineration typically results in 75–80 % mass and 90 % vol-
ume reduction. MSW incineration bottom ash (IBA) is the major solid
residue from incineration (80 wt%), with fly ash/ air pollution control
residues making up the balance (Blasenbauer et al., 2020; Loginova
et al., 2019; Brunner and Rechberger, 2015; Morf et al., 2000). IBA is a
complex, mostly inorganic material composed of a mineral fraction
(80–85 wt%, including melt components, synthetic ceramics, stones and
fine materials), metals (ferrous 7–10 wt% and non-ferrous 1–5 wt%) and
a minor fraction of unburned material (<1 wt%) (Blasenbauer et al.,
2020; Wei et al., 2011; CEWEP, 2016; Chandler et al., 1997; Chimenos
et al., 1999; Holm and Simon, 2017; Huber et al., 2020; Aubert et al.,
2006). Due to their economic value, around 85–95 wt% of the ferrous
metals and 40–65 wt% of the non-ferrous metals are typically recovered
and subsequently recycled in the metal industry (Blasenbauer et al.,
2020). Whilst metal recovery is a common practice, the fate of the re-
sidual fraction varies with the local regulatory environment (Loginova
et al., 2019; Blasenbauer et al., 2020). Where it occurs, reuse of MSW
IBA is principally as a secondary raw material in the civil engineering
sector (e.g. road construction, earthworks, cement process and bound or
unbound in foundations) (Blasenbauer et al., 2020; Loginova et al.,
2019; Zhu et al., 2020; Forteza et al., 2004; Lam et al., 2010).

Together the EU, Norway and Switzerland generated about, 17.6 Mt
of IBA annually between 2015 and 2019 (Blasenbauer et al., 2020).
Reuse is permitted in these countries if the quantities of potentially toxic
elements (PTEs) and salts are below mandatory thresholds (Loginova
et al., 2019; Blasenbauer et al., 2020). Unfortunately, there are no
harmonised limit values at EU level and individual countries have
developed their own regulations for the reuse of IBA. As a result, these
regulations vary significantly between countries, with some countries
setting limits on the total content of PTEs whereas others limit the
leachable content (Blasenbauer et al., 2020). Further, the methodology
to determine leachable content of PTEs (i.e. leaching tests protocols)
also vary between countries (Blasenbauer et al., 2020; Van Gerven et al.,
2005; Crillesen and Skaarup, 2006). However, between 2015 and 2019,
about half of the IBA produced in EU, Norway and Switzerland was
utilised outside of landfills (Blasenbauer et al., 2020).

In the UK there were 53 MSW incineration plants in 2021, which
processed 14.9 Mt of MSW that year, with an output of 19.8 % of that
tonnage as IBA (Tolvik, 2022). This made the UK the third largest pro-
ducer of IBA in Europe in 2021, after Germany and France (Tolvik, 2022;
Blasenbauer et al., 2020; Lederer et al., 2018). The UK regulations on the
reuse of MSW IBA (UKEA, 2023) do not specify maximum elemental
concentrations for PTEs, and instead refer to the UK “Guidance on the
classification and assessment of waste” (Blasenbauer et al., 2020; UKEA,
2023; UKEA, 2021; Lewin et al., 2012). These regulations require that
MSW IBA is assessed against a number of “hazard properties”, and
classify it as non-hazardous or hazardous depending on whether the
overall concentrations of “dangerous substances”, such as compounds
containing PTEs, exceed prescribed limits. 99 wt% of the UK MSW IBA,
regulated by this guidance, is re-used for specified construction activ-
ities (Blasenbauer et al., 2020).

The UK approach requires data on PTE speciation, otherwise
assuming a precautionary worse-case scenario (UKEA, 2021; Lewin
et al., 2012), but the majority of European countries base their legisla-
tion on leachability of PTEs (Loginova et al., 2019; Blasenbauer et al.,
2020; Zhu et al., 2020; van den Berg and West, 1997). Neither of these
approaches, however, consider all relevant environmental conditions,
such as the presence of environmental lixiviants (such as plant derived
organic compounds), which may cause increased release of PTEs from
MSW IBA into soils and surface or groundwater, producing potential
effects of human toxicity and eco-toxicity (Zhu et al., 2020; Yao et al.,
2010; Kong et al., 2016; Funari et al., 2019; Jadhav et al., 2018).
Furthermore, little attention has been placed on the content of persistent

organic pollutants (POPs) of MSW IBA, and whether these may be pre-
sent at concentrations that pose a risk for re-use.

This study characterized a UK produced MSW IBA (composition,
mineralogy and particle size distribution). Polychlorinated biphenyls
(PCB), polychlorinated dibenzodioxins/furans (PCDD/Fs) and poly-
cyclic aromatic hydrocarbons (PAH) contents were determined (the
POPs of most concern). The speciation of main PTEs (Zn and Cu) was
determined by x-ray absorption near edge spectroscopy (XANES). The
leachability of PTEs was assessed in batch leaching tests at pH2-12, and
compared to available European guidelines for PTE leaching. The effect
that organic environmental lixiviants have on the PTE concentrations
leaching from the MSW IBA was studied using wood chips and a syn-
thetic plant root exudate solution, which represent common sources of
metal binding organic ligands in the environment. Finally, the envi-
ronmental implications of using unbound MSW IBA in construction
under different environmental conditions are discussed.

2. Material and methods

2.1. MSW incineration bottom ash samples

Three MSW IBA samples were collected from an EfW facility in the
North-East of England. This plant primarily processes residual house-
hold waste with some commercial waste using conventional moving
grate combustion technology (UK regulations require combustion gas
temperature to exceed 850 ◦C, but the typical operating temperature of
an EfW incinerator is around 1000 ◦C (Smith and Sutherland, 2022;
Suez, n.d.; UKEA, 2009)) and a wet extraction system. Metals are
recovered from dry IBA by magnetic and eddy current separation. The
samples were taken from stockpiles of materials that will meet the UK
Standards for Highways as “selected granular fill” types 6F and 6N after
blending (HA, 2022). One sample was collected from a stockpile of
material screened by the plant to contain particles predominantly in the
range 14 to 45 mm screen (here on referred to as coarse MSW IBA,
Fig. S.3). Two further samples were collected from different sections of a
second stockpile of material screened by the plant to contain particles
predominantly below < 14 mm (here referred to as medium MSW IBA
[Fig. S.2] and fine MSW IBA [Fig. S.1] based on particle size analysis
contained herein; see Section 3.1 below). Samples were collected
immediately after production, and stored in sealed plastic containers for
4 years.

2.2. Particle size distribution

The coarse MSW IBA sample was divided by coning and quartering
into ~ 2 kg subsamples, while the medium and fine MSW IBA samples
were divided using a riffle splitter into ~ 500 g and ~ 250 g subsamples.
The particle size distribution (PSD) of 3 subsamples per sample was
determined by sieving (Geoengineer.org; BSI, 2022; Head, 1980).

2.3. Compositional and mineralogical characterization of MSW IBA

XRF, XRD and XANES were conducted on subsamples of the medium
MSW IBA, fine MSW IBA, and a composite sample of particles < 1.18
mm from both the medium and fine MSW IBA (named < 1.18 mm
fraction), that were milled to < 75 μm (Vibratory Disc Mill RS 200).

2.3.1. Macroscopic description and classification of ash components
Macroscopic visual classification of the particles> 2 mmwas carried

out on 1 kg sub-samples that were sieved to remove finer particles. The
material was washed with distilled water to remove any coating of fines
on particle surfaces and allowed to dry, and where necessary, particles
were fractured to expose a surface for identification. Each particle was
observed with a 14x Hastings Triplet Magnifier (Bausch & Lomb) and
classified into one of nine categories. These were primary glass, sec-
ondary glass, metals, tiles, other ceramics (crockery), other ceramics

F.E. Sepúlveda Olea et al.



Waste Management 187 (2024) 262–274

264

(construction), aggregations, others (rock, minerals, char) and fines.

2.3.2. X-ray fluorescence (XRF) spectroscopy
XRF analysis was carried out using a Rigaku ZSX Primus II spec-

trometer on triplicate samples prepared as fused beads (major elements)
and pressed pellets (trace elements) (see SI Section S.1.A).

2.3.3. X-ray diffraction (XRD) analysis
Mineralogical analysis was undertaken in triplicate on 50 − 100 mg

of milled sample mounted on silicon slides on a Bruker D8 X-ray
diffractometer using Cu Kα radiation and scanning between 2◦and 70◦

2θ. Qualitative characterization was carried in all samples, but semi-
quantitative analysis was made only on the fine MSW IBA and < 1.18
mm fraction samples as they had a lower component of amorphous
phases. The software TOPAS (Total Pattern Analysis Solution- Bruker)
was used for semi-quantitative analysis.

2.3.4. Scanning electron microscopy and energy dispersive X-ray
spectroscopy (SEM-EDX)

In order to determine the association of specific elements with
different phases present in the MSW IBA, SEM-EDX analysis was carried
out on five MSW IBA polished sections, prepared from various size
fractions. Ash samples were set in epoxy resin (Huntsman Advanced
Materials) to form a resin block that was subsequently polished using 3-,
1- and 0.25 − μm diamond paste (Struers) and water-free lubricants.
Backscatter electron micrographs and elemental maps were obtain using
a Tescan VEGA3 XM equipped with an Oxford instruments X-max 150
SDD EDX using Aztec 3.3 software. A beam energy of 15 keVwas used, at
a 15 mm working distance and elemental mapping was performed at a
resolution of 2 μm.

2.3.5. X-ray absorption near edge spectroscopy (XANES)
To determine the most likely PTE containing phases, Cu K-edge

(8979 eV) and Zn K-edge (9659 eV) XANES spectra were collected from
milled samples of MSW IBA (medium, fine and < 1.18 mm fraction) on
station I18 at the Diamond Light Source, UK. Samples were prepared as
8 mm powder pellets held in Kapton™ tape. Data collection was per-
formed at room temperature (~295 ◦K) within a He-filled bag. A range
of Cu and Zn containing chemicals, natural minerals and solutions were
used as standard reference materials (see SI Section S.1.B and Table S.1).

Scans from different locations were averaged to improve the signal to
noise ratio using Athena version 0.9.26 (Ravel and Newville, 2005).
Spectra were corrected for any drift in E0 using the data collected from
themetal foil standards. Linear combination fitting (LCF) was performed
in Athena using the full range of available standards to determine the
most likely combinations of standards to best fit the sample. In the final
LCF analysis the number of standards used was limited to a maximum of
3 to reduce the degree of freedom present. LCF typically produced re-
sults of elemental speciation with an uncertainty of ± 4 %.

2.3.6. Analysis of persistent organic pollutants (POPs)
Five replicates of the fine MSW IBA were analysed for PCDDs/PCDFs

(17 congeners), PCBs (12 congeners) and PAHs (EPA 16) by a com-
mercial laboratory (NWG Scientific services, Tyne&Wear, UK). Samples
for PCDD/PCDF analysis were extracted and analysed using a method
based on US EPA Method 1613 (USEPA, 1994) and those for PCB
analysis by US EPA Method 1668 (USEPA, 2010) (modified methods are
accredited under the UKAS accreditation scheme). In both cases samples
were soxhlet extracted and analysed by high resolution gas chroma-
tography- high resolution mass spectrometry (HRGC-HRMS) (details in
SI Section S.1.C). PAHs contents were determined by mixing the samples
with sodium sulphate, extraction with dichloromethane and analysis by
gas chromatography – mass spectrometry (GC–MS) in SIM (selected ion
monitoring) mode.

PCDD/PCDF and PCB results are reported as toxic equivalent (TEQ),
which consists in recalculating the concentration of each congener using

their respective toxic equivalent factors (TEF), which indicates how
toxic they are in comparison with 2,3,7,8-TCDD, the most potent dioxin.
Individual congener TEQs are then added to obtain a total TEQ for
PCDDs/PCDFs and PCBs.

2.4. pH dependant batch leaching tests

Batch leaching tests based on the US EPA Leaching Environmental
Assessment Framework (LEAF) and US EPA method 1313 (Kosson et al.,
2017; USEPA, 2017) were performed on the fine MSW IBA. Triplicate
samples (20 g dry weight) were placed in 250 ml Nalgene™ bottles (the
moisture content of each ash fraction was determined in triplicate so the
dry weight could be calculated), and deionised water or HNO3 with
concentrations of up to 1 M was added at a liquid/solid (L/S) ratio of 10.
The bottles were then placed on a roller mixer for 72 hrs at room tem-
perature. The final pH and electrical conductivity (EC) of the solution
were measured (HACH HQ40D pH meter with HACH Intellical pH and
EC probes), and an aliquot of solution was syringe filtered (0.45 μm) for
metal analysis by inductively coupled plasma − optical emission spec-
trometry (ICP-OES) (Thermo Scientific iCAP 7400 Radial). Blank bottles
with Milli-Q water alone and Milli-Q water with the maximum HNO3
concentration were included for quality control.

2.5. Leaching tests with environmental lixiviants

Leaching tests with the synthetic exudate solutions were carried out
using the same procedure as the pH dependant batch leaching tests but
using a synthetic exudate solution instead of HNO3. The synthetic
exudate solution was developed by Lu et al (2017) and contained 150
mM glucose, 25 mM acetate, 25 mM citrate, 25 mM formate and 37.5
mM serine. Triplicate leaching tests were conducted with the full
strength solution and with 5 different dilutions, that contained 14,000
(full strength), 9000, 5000, 1500, 500 and 50 mg l− 1 of DOC, respec-
tively. This last dilution approximates to soil solutions found in the
environment (Lu et al., 2017).

Similarly, triplicate water leaching tests were performed on mixtures
of ash (20 g dry weight) and wood chips (either 1, 2, 3, 4 or 5 g dry
weight), using chipped (<4 mm), young, freshly felled Norway Spruce
(Picea abies) from a forested area in West Yorkshire (UK). Milli-Q water
was added at a L/S ratio of 10 based on the combined dry weight of ash
and wood chips.

Dissolved organic carbon (DOC) was analysed in the collected su-
pernatant with an Analytik Jena Multi N/C 2100 combustion analysers
calibrated using commercially prepared stocks of organic and inorganic
carbon.

2.6. PHREEQC modelling

The geochemical model PHREEQc (Phreeqc Interactive 3.7.3) (Par-
khurst and Appelo, 2013) was used to simulate the acid neutralization of
MSW IBA. Two scenarios were modeled, one only considering mineral
dissolution and a second one considering both dissolution and surface
complexation. The dissolution of mineral phases was simulated based on
the minerals determined by XRD, and the mineral parameters were
obtained from the Lawrence Livermore National Laboratory (LLNL, n.
d.). The surface complexation model was developed using Fe(hydr)ox-
ides (HFO) as a model phase, with a surface area of 600 m2g− 1

(Dzombak and Morel, 1991). Two types of sorption sites were used:
weak (0.2 mol mol-Fe-1) and strong (0.005 mol mol-Fe-1). To simplify
the model, the available surface was considered constant and the
dissolution of Fe (hydr)oxides was ignored.

2.7. Statistics

Statistical analysis was carried out in Microsoft Excel (2016) using
the data analysis package.
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3. Results

3.1. Characteristics of the MSW incineration bottom ash

3.1.1. Particle size distribution
Sieve analysis showed that the coarse MSW IBA is a uniformly graded

gravel (Cu = 1.5 and Cc = 1.1), the medium MSW IBA is a poorly (to
well) graded gravel (Cu = 5.7 and Cc = 2.8), and the fine MSW IBA is a
medium graded sandy gravel (Cu = 6.8 and Cc = 0.8) (ISO, 2017) (SI
Figure S.4 and Table S.2). The d50 values of the coarse, medium and fine
fractions were 16.7, 9.7, 1.8 mm, respectively (50 wt% of the sample is
finer than this size). Fine particles (<1.18 mm) constituted ~ 0, 7.2 and
27.0 % of the coarse, medium and fine MSW IBA respectively.

3.1.2. Main components in MSW IBA identified by visual description
(>2mm fraction)

The predominant particle type was a melt phase formed during the
incineration process (secondary glass, 36.4 wt%), identified by its
porosity (gas bubbles), vesicles, cracks and inclusions of other materials
(del Valle-Zermeño et al., 2017; Speiser et al., 2001). The second most
abundant particle type was fragments of bottles and other glass items
(primary glass, 27.4 wt%). The remaining particle were tiles and ce-
ramics, metal fragments, aggregations (constituted mainly by fine ash
and occasional fragments of glass, ceramics and metals) as well as some
rocks and char (SI Figure S.5).

3.1.3. Chemical composition of MSW IBA
Si was the most abundant element in MSW IBA (Table 1), with higher

concentrations in the medium MSW IBA, and lowest in the < 1.18 mm
fraction. Ca was the second most abundant element, but with the
opposite trend of increasing concentrations in samples with smaller
particle sizes. Fe and Al follow in order of abundance. While Fe does not
show a systematic variation with particle size, Al concentration
increased with decreasing particle size. Na was the fifth most abundant
element, and like Si its concentration decreased in samples with smaller
particle sizes.

Zn was the most abundant PTE in the IBA samples, and its concen-
tration increased in samples with smaller particle sizes (Table 2). Other
PTEs all also have higher concentrations in samples with smaller particle
sizes, with concentrations averaged across the IBA fractions decreasing
in the order Cu (second most abundant), Cr, Pb, Sn, Ni and Mo.

3.1.4. Mineralogy of MSW IBA
The medium MSW IBA, fine MSW IBA, and the < 1.18 mm fraction

all contained the same mineral phases (SI Figure S.6), in order of
abundance (measured in fine and< 1.18 mmMSW IBA) quartz (~50 %)
> microcline and calcite (10–20 %) > ettringite (5–10 %) > hematite,
magnetite and albite (0.3–2 %) (details in SI Table S.3). Primary and
secondary glass as amorphous phases do not produce an XRD peak
pattern, but their prevalence as main components may account for the

elevated background signal that was seen particularly in XRD spectra of
the medium MSW IBA between 15 and 40◦ 2θ.

3.1.5. Microscopic description and elemental composition of MSW IBA
components

SEM observation showed the MSW IBA is dominated by phases
whose morphology and EDX spectra suggests are primary and secondary
glass (Fig. 1). These phases are prevalent in larger particles (as indicated
by the macroscopic classification and XRD analysis) as well as widely
present as a constituent of fine particles and aggregations. Primary glass
has a distinct sodic composition (SI Table S.4) and smooth texture.

Secondary glass on the other hand has a more variable composition,
with Ca-rich variants, as well as Al, K and Fe rich variants (SI Table S.4),
and textures associated to the melting process such as abundant vesicles
(empty or filled with fine ash), flow structures delineated by glass of
different compositions, exsolution of wollastonite crystals, and abun-
dant inclusions of fine particles. A gradation between primary and sec-
ondary glass is often observed in particles with a nucleus of primary
glass that grades to secondary glass towards the edges.

Fine particles are present as loose individual particles, in aggrega-
tions, as a layer covering larger particles and as inclusions in secondary
glass. Quartz grains are a major constituent of this fraction, but it also
contains secondary glass, Al-rich phases, Fe-oxides and Ca associated to
S and P. The remaining fine particles have varying compositions, but
some contain Ti, Mg and Ba. When fine particles are present in aggre-
gations or as layers on other particles, the cementing matrix is domi-
nated by Ca, followed by Al (Fig. 1).

PTEs (Zn and Cu) are detected in the EDX spectra only at very low
concentration close to the detection limit (≤0.1 At%) and in maps do not
appear to be associated to specific phases, but rather are dispersed in
both the fine particles and secondary glass. With point analysis, how-
ever, Fe rich particles are the only ones to show some Cu and Zn (though
in equally low concentrations) (see SI Table S.4).

3.1.6. Speciation of Zn and Cu in MSW IBA
Bulk XANES spectra for the two most abundant PTEs, Zn and Cu,

were collected from multiple points in each sample (Medium MSW IBA,
Fine MSW IBA and < 1.18 mm fraction). Fig. 2 shows the merged
(averaged) spectra for each sample, along with spectra from standards.
For both metals the spectra were similar for all three samples analysed,
indicating the speciation of these elements is similar in the different
sized IBA fractions.

The bonding environments that best matched the IBA Zn-XANES
spectra were oxygen-bound and (HFO)-adsorbed Zn (Zn(II)-O and Zn
(II)-ads) (see Fig. 2). The optimum linear combination fit (LCF) was
given by ~ 40 % Zn(II)-O, ~40 % Zn(II)-ads, ~20 % Zn(II)-S phases. A
small percentage (~10 %) of Zn(II)–CO3 in the LCF was also possible,
however this did not greatly improve the “goodness of fit”. There is no
evidence in the Zn-XANES spectra for the presence of metallic Zn or Zn

Table 1
Average concentration of major element oxides by fusion (XRF) reported as
mean ± the confidence interval (t-distribution) of 3 replicates.

Wt% Medium MSW IBA Fine MSW IBA <1.18 mm fraction

SiO2 49.9 ± 0.5 38.0 ± 0.4 29.1 ± 2.2
CaO 13.60 ± 0.03 16.2 ± 0.1 17.4 ± 1.2
Fe2O3 9.3 ± 0.1 10.5 ± 0.1 7.9 ± 0.4
Al2O3 6.98 ± 0.01 8.80 ± 0.05 14.4 ± 1.1
Na2O 6.4 ± 0.1 3.96 ± 0.07 2.1 ± 0.2
MgO 1.58 ± 0.01 1.93 ± 0.01 1.8 ± 0.1
K2O 0.95 ± 0.01 0.99 ± 0.01 0.98 ± 0.06
TiO2 0.62 ± 0.01 1.03 ± 0.01 1.24 ± 0.09
P2O5 0.71 ± 0.01 1.16 ± 0.01 1.4 ± 0.1
MnO 0.12 ± 0.00 0.17 ± 0.00 0.21 ± 0.01
LOI (1025 ◦C) 6.2 ± 0.1 13.3 ± 0.4 22.18 ± 0.07
Total 96.3 96.04 98.5

Table 2
Average concentration of trace element by pressed pellet (XRF) reported as
mean ± the confidence interval (t-distribution) of 3 replicates.

mg kg− 1 Medium MSW IBA Fine MSW IBA <1.18 mm fraction

S 6070 ± 130 10,900 ± 300 16,400 ± 300
Cl 4290 ± 60 8890 ± 350 17,100 ± 50
Zn 5250 ± 200 6970 ± 40 7600 ± 110
Cu 1420 ± 80 3220 ± 80 3550 ± 60
Ba 1970 ± 700 1380 ± 230 1350 ± 620
Sr 1430 ± 20 442 ± 7 464 ± 14
Cr 618 ± 70 853 ± 52 863 ± 97
Pb 416 ± 40 774 ± 78 1100 ± 60
Sn 171 ± 20 296 ± 19 412 ± 40
Zr 338 ± 440 198 ± 51 127 ± 13
Ni 93.0 ± 20 159 ± 12 218 ± 7
Mo N/D (<1) N/D (<1) 275 ± 448
Cd N/D N/D N/D
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alloys such as brass in the MSW IBA samples.
The bonding environments that best matched the IBA Cu-XANES

spectra was Cu(II)-O. This could be LCF modelled by using either the
spectrum for hydrous ferric oxide (HFO)-adsorbed (ads) Cu(II) alone (as
shown in Fig. 2), or a mixture of the Cu(II)-ads and Cu(II)–CO3 spectra.
As both produced similar “goodness of fit”, the simpler option (Cu(II)-
ads alone) was used. The optimum LCF was given 45–50 % Cu(II)-ads,
20–30 % Cu(I)-S, and (25–35 %) Cu(I)-O. There is no evidence in the
Cu-XANES spectra for the presence of metallic Cu in the MSW IBA
samples.

3.1.7. Persistent organic pollutants (POPs)
Persistent organic pollutants (POPs) were measured in the fine MSW

IBA. All PAHs were undetectable. PCDDs/PCDFs and PCBs were detec-
ted at low concentrations (average PCDDs/PCDFs and PCBs concentra-
tions were 1.78 TEQ ng kg− 1 and 0.008 TEQ ng kg− 1 using the WHO
2005 TEQ calculation for humans; SI Table S.5).

3.2. pH dependant batch leaching

The fine MSW IBA is a highly alkaline material that equilibrated with
deionised water at a pH of ~ 11.3 (Fig. 3). Approximately 1.5 mol of acid
(H+) per kg of ash was required to produce a pH of 7. The solution

Fig. 1. SEM backscatter image of MSW IBA showing characteristic components and their composition in EDX elemental maps. The square outline in white in the first
panel indicates area covered by the elemental mapping.
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composition at pH 11.3 is dominated by Na+ and K+, but when the so-
lution pH was brought below pH 10 by acid addition Ca2+ became the
dominant ion in solution (Fig. 5) throughout the rest of the pH range.
Sulphur was released to solution as the pH decreased below 11.3, and
Mg was released to solution when the pH<9. Very little Fe, P and Si were
released to solution until the pH was ≤ 4. Al appears in solution in low
concentrations at pH>10, and then again at pH ≤ ~4 at higher

concentrations.
The pH dependant batch leaching tests indicated that most PTEs

contained in MSW IBA are not released until the solution pH decreases
below pH 4 (although low concentrations of Cd begin to be released
when the pH is below 7, Ni and Zn are released to solution at pH~6, with
increasing concentrations in solutions with lower pH; Fig. 4). Cu, Cr, Pb,
Sn contained in the IBA are not released to solution in appreciable
quantities until the pH<4. Interestingly, while the concentrations are
low, Mo shows amphoteric behaviour with leaching occurring at both
high (>6) and low (<2) pH values.

3.3. Environmental lixiviants and metal leaching

When increasing amounts of wood chips (0, 1, 2, 3, 4, 5 g) were
added to leaching tests containing 15-20 g of MSW and 200 mL of
deionised water, there was a linear increase in DOC (from 0.7 to 4.8 mg
DOC per g of MSW IBA; Fig. 6). There was an accompanying reduction in
solution pH, from 11.3 with deionised water, to 9.9 with 25 % wood
chips. The most dilute synthetic exudate solution, which is representa-
tive of real systems, had only a very small effect on the solution pH. This
solution produced a solution at pH 11.2 with 0.9 mg DOC per g of MSW
IBA. Increasing exudate concentration reduced the pH of the solution,
and increased the DOC concentration, with the highest exudate con-
centration equilibrating at pH 7.8 with 130 mg DOC per g MSW IBA.

Overall, the leaching behaviour of MSW IBA in solutions containing
wood chips was similar to that with HNO3 (Figs. 4 and 5). At the same
pH value, the Na and K concentrations were slightly higher in tests
containing wood chips, than in tests where the pH was adjusted with
HNO3 (particularly with larger wood chip additions). Similarly, the
concentrations of the trace metals Cr andMo, were slightly higher where

Fig. 2. Bulk average K-edge XANES spectra for Cu and Zn collected from MSW ash samples and selected standards. Ratios presented below the sample names are
results for LCF analysis of the sample spectra (Cu, Zn), colours used match to the standards shown. The coloured bands are provided to guide the eye to significant
spectral features present in standard spectra.

Fig. 3. Acid neutralization curve of the fine MSW IBA. Yellow and pink lines
correspond to PHREEQc models for dissolution and dissolution + surface
sorption respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4. leaching behaviour of PTEs’s (expressed in mg PTE per kg of MSW IBA) vs solution pH. European guideline values (Table S.7) obtained from Blasenbauer et al
(2020) and reference therein (Government-of-Wallonia, 2001 (last modified in 2018), Blasenbauer et al., 2020; Swedish-EPA, 2010; RIVM, 2007; Lithuanian-
Government, 2016; Valorsul, 2017; Flemish-Government, 2012; Republic-of-Austria, 2017a; Republic-of-Austria, 2017b; Italian-Republic, 2006; Italian-Republic,
1998; French-Republic, 2011; LAGA, 1995a; LAGA, 1995b)).
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Fig. 5. leaching behaviour of selected major elements (expressed in mg of a major element per kg of MSW IBA) vs solution pH. Same legend description as that of
Fig. 4. European guideline values (Table S.7) obtained from Blasenbauer et al (2020) and reference therein (Government-of-Wallonia, 2001 (last modified in 2018),
Blasenbauer et al., 2020; Swedish-EPA, 2010; RIVM, 2007; Lithuanian-Government, 2016; Valorsul, 2017; Flemish-Government, 2012; Republic-of-Austria, 2017a;
Republic-of-Austria, 2017b, Italian-Republic, 2006; Italian-Republic, 1998; French-Republic, 2011; LAGA, 1995a; LAGA, 1995b)).
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the tests contained wood chips. However, the differences to the MSW
IBA with nitric acid additions were small.

The leaching behaviour of both major and trace elements with the
synthetic exudate solution was similar to that of MSW IBA with HNO3
when exudate concentration was ≤ 1,500 mg l− 1 DOC (a range which
corresponds with pH>10). When synthetic exudate addition was suffi-
cient to buffer the pH<10, the PTEs Cd, Cr, Cu, Mo, Pb, Zn, as well as the
major elements K and Na had higher concentrations in the leachate than
those in MSW IBA with HNO3 at a similar pH. At the highest synthetic
exudate concentration (~13,000 mg l− 1 DOC and leachate pH<8), the
concentrations of Al, Ca and S are slightly higher than in tests where the
pH was adjusted with HNO3.

4. Discussion

4.1. MSW IBA composition

Silica was identified as the major component of the MSW IBA sam-
ples, present in primary and secondary glass and quartz particles. The
decrease in SiO2 concentration in samples with smaller particle sizes is
also consistent with the observed predominance of glass amongst larger
particles (similarly Na, the 5th most abundant element in MSW IBA, and
an important constituent of commercial glass (Ashby, 2013; Mirsayar
et al., 2017), exhibited a decrease in concentration with particle size).
The finding that primary and secondary glass are the most abundant
components of MSW IBA agrees with previous work (Blasenbauer et al.,
2020; Wei et al., 2011; CEWEP, 2016; Chandler et al., 1997; Chimenos
et al., 1999; Holm and Simon, 2017; Huber et al., 2020; Aubert et al.,
2006; Zhu et al., 2020; Loginova et al., 2019). Recently, primary and
secondary glass represented about 60 wt% in MSW IBA from Spain,
despite a reduction over the recent decades (del Valle-Zermeño et al.,
2017). The entrapment of other phases (quartz, ash clusters and metals)
within secondary glass (a melt phase) may, however, be leading to some
overestimation of its mass proportionally to these other phases.

The second most abundant element in all samples was Ca, increasing
in MSW IBA samples with predominance of smaller particle sizes. SEM-
EDX elemental mapping showed that Ca was a major element in ag-
gregations and surface layers and XRD identified calcite and ettringite as
the third and fourth most abundant minerals. Accumulation of Ca in fine
ash and the presence of ettringite in quenched and/ or weathered MSW
IBA has also been reported by others (Alam et al., 2019; Zhu et al., 2020;
Loginova et al., 2019; Meima and Comans, 1997). Sources of Ca in MSW
include industrial materials (e.g. construction waste), soil particles
(Alam et al., 2019) and finely ground Ca-rich materials (such as

limestone, chalk and gypsum) widely used as fillers in the manufacture
of paper and plastic packaging (second and third most abundant waste
types in UK MSW after kitchen and garden waste (Burnley, 2007)).

Fe and Al are the third/ forth most abundant elements determined by
XRF analysis and were consistently present in the EDX elemental maps.
Both are seen in high Fe or Al particles (free or as inclusions in secondary
glass) and as a constituent of secondary glass. The concentration of Al
increased with decreasing ash particle sizes, and it is an important
constituent of the matrix of aggregations and in ash layers covering
other particles. Like Ca, the main sources of Al in MSW IBA are probably
fillers used in paper and plastic packaging (Murray, 2006; Bonadies
et al., 2022). The concentration of Fe did not show any trend with the
PSD of samples. Ferrous metals form about 4 % of UK MSW (Burnley,
2007), and while larger metal particles are magnetically recovered
during ash processing, smaller particles and rust flakes will remain in the
IBA.

Zn and Cu concentrations in bulk samples (determined by XRF)
increased in MSW IBA samples with smaller particle sizes (like other
heavy metals) indicating that these metals were preferentially associ-
ated with finer particles. In SEM-EDX elemental maps, Zn and Cu were
mostly evenly distributed in the fine matrix rather than associated with
specific phases, however, some high Fe- particles had Cu and Zn in their
composition.

XANES analysis suggests that Zn was predominantly present in the
MSW IBA as absorbed Zn(II) in inner sphere complexes associated with
metallic oxides (e.g. Zn(II)-HFO), as well as Zn(II) oxides (e.g. ZnO) and
sulphides (e.g. sphalerite, ZnS). Similarly, for Cu, the best fit was given
by a combination Cu(II) in inner sphere complexes associated with
metallic oxides (e.g. Cu(II)-HFO), as well as Cu(I) oxides (e,g. Cu2O) and
sulphides (e.g. covalite, CuS). Previous work based on SEM-EDX analysis
and electron microprobe analysis has suggested that Cu in MSW IBA is
found as Cu-sulfides, and both Zn and Cu are found as spinels and
metallic particles, often present as inclusions in secondary glass (Wei
et al., 2011; Šyc et al., 2020; Bayuseno and Schmahl, 2010). However,
the XANES data are not consistent with either a significant proportion of
metallic Cu or Zn, or with Cu in spinels in this MSW IBA. It suggests that
larger metallic particles (e.g. remnants of copper wire, brass, Zn-C bat-
teries) are successfully removed from the MSW IBA at this plant, and
that any small metallic Cu and Zn particles are oxidized during incin-
eration and quenching (Šyc et al., 2020; Cheng et al., 2023). Also, while
the quenching and/or weathering of MSW IBA leads to the formation of
hydrate secondary minerals (e.g., ettringite, hydrocalumite and
calcium-silicate-hydrate phases) into which divalent metals can substi-
tute for Ca2+, the XANES data are not consistent with a significant
proportion of Cu or Zn present in such weathering products.

The POPs of most concern in incineration ashes, where they are
unintentionally produced as a byproduct of combustion, are PAHs,
PCDD/Fs and PCBs (Freire et al., 2015; Swedish-EPA, 2011; UNEP,
2001). These POPs, which condense onto the ash from the flue gases,
tend to have higher concentrations on fine particles due to their higher
specific surface area. However, no PAHs were detectable in the fine
MSW IBA. Similarly, PCDDs/PCDFs and PCBs concentrations in the fine
ash were substantially lower than reference regulatory limits in all
replicates tested (SI Table S.5). Combustion temperature, furnace tech-
nology (particularly the bottom ash cooling regime), and ash size frac-
tion are thought to be the major determinants of the POPs
concentrations in combustion ashes (Chagger et al., 1998; Khan et al.,
2009; Peng et al., 2016). This work suggests that even fine MSW IBA can
meet regulatory limits for POPs, if a suitable combustion temperature is
maintained in a modern incineration facility.

4.2. Leaching behaviour of MSW IBA

The major components of the MSW IBA, glass and ceramics, leach
very slowly at high pH values (Abraitis et al., 2000), therefore the so-
lution composition of water in contact with the IBA is primarily

Fig. 6. mg of DOC in the supernatant per g of MSW IBA vs solution pH in batch
leaching tests with environmental lixiviants.
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controlled by the pH dependant leaching of the reactive minor phases
present. When the solution pH was calculated in PHREEQC (as a func-
tion of H+ addition and dissolution of the suite minerals based on the
XRD analysis; SI Table S.3) the resultant dissolution model (Fig. 3)
approximated the acid neutralisation data. Therefore, it should be
possible to predict IBA pH buffering behaviour using the crystalline
phases present. However, with the pH stability of these minerals alone,
some segments of pH buffering remain unexplained, and could be
attributed to poorly crystalline phases not captured by XRD or reaction
occurring in the leachate, including precipitation of newly formed
phases at certain pHs.

When MSW IBA is equilibrated with deionised water, the leachate is
buffered to ~ pH 11.3 primarily by dissolution of Na, Ca and K con-
taining phases (probably phases such as NaOH, Ca(OH)2 and KOH that
formed during MSW incineration (Meima and Comans, 1997; Belevi
et al., 1992)). About 8 % and 17 % of the total Na and K, but only 1 % of
total Ca were released with deionised water. Only a proportion of Na and
K were leached at any pH value (~25 % and 40 %), probably because
they were associated with the glass phases, but most Ca in the MSW IBA
is leachable (~85 %), so most must be in Ca-rich phases that are not
readily hydrated by water to produce alkalinity.

When the addition of acid reduced the pH below 11 the concentra-
tion of both Ca and S increased, suggesting dissolution of the ettringite
(hydrous calcium aluminium sulphate) present in the IBA. Ettringite is
highly insoluble above pH 10.7, but dissolves incongruently between 11
> pH>9 to produce Ca2+, SO4

2+ (which may result in formation of
gypsum) and insoluble aluminium (oxy)hydroxides, possibly along with
calcium aluminates like hydrocalumite, given the availability of Ca
(Langmuir, 1997; Myneni et al., 1998; Meima and Comans, 1997;
Mantovani et al., 2023). This explains why Al is present in the leachate
at pH>10, but becomes undetectable bellow that pH, until it reappears
at pH≤4. Below pH 9, carbonates (including calcite) present in the MSW
IBA will dissolve, and Ca was indeed the principal element released to
solution between 9> pH>6, (along with someMg, whichmay have been
present as an impurity in carbonates). Between pH 6 and 4 concentration
of the major ions remain relatively constant suggesting that no addi-
tional phases are leached until the pH of the leachate was below pH 4. In
this range the carbonate equilibrium (the acid-base system between
carbonic acid [H2CO3] and bicarbonate [HCO3+H+], equilibrium at pH
≈ 5 (Lockwood et al., 2014)) can contribute to buffer the pH in the
system. At low pH (pH<4), the solution concentrations of Ca, Al, Fe, Si,
Mg, Na and K increase with decreasing pH value, with Ca and Al
dominating the leachate composition (Figure S.7). This is compatible
with dissolution of Al(OH)3 (Figure S.8) alongside calcium aluminates,
iron oxide and feldspars (hematite, magnetite, microcline and albite
were all observed by XRD) (Jang et al., 2007; Vehmaanperä, 2022; Yuan
et al., 2019; Casey et al., 1991). In addition, below pH 4 the rate of
silicate glass dissolution also increased (Abraitis et al., 2000), which
may have added more Na, Si, Al and Fe to solution.

Essentially all the PTE elements measured (Cr, Pb, Zn, Cu, Ni, Mo,
Cd) have broadly similar leaching behaviours at low pH values. Leach-
ing below pH 4 coincides with the bulk dissolution of the major phases
present and high concentrations of H+ as competing ions for surface
absorption sites (e.g. Al(OH)3). Cu and Zn were found in a mix of
absorbed, oxide and sulphide phases, which would also potentially be
leached at low pH (Millward and Moore, 1982; Beverskog and Puigdo-
menech, 1997; Wang et al., 2022; Young et al., 2003); similar associa-
tions are likely to account for the increased leaching of other PTEs at low
pH. Despite being present in a similar types of phases, Cu is much less
resistant to leaching in acids compared to Zn (and the other metals
present) and is therefore likely to be more easily recovered from MSW
IBA. Cd (and to a lesser extent Ni and Zn) was moderately leached at
around pH 6, this may be explained by association with carbonates
which are dissolved at this pH (Sjöberg and Rickard, 1984). Mo was the
only PTE present that was significantly leached at high pH. In oxidising
environments at high pH Mo(VI) is predicted to be present as the

molybdate oxyanion which is soluble in high pH solution and weakly
sorbs to any surfaces present (Weidner and Ciesielczyk, 2019).

It required addition of approximately 1.5 and 3 mol H+ per kg of
MSW IBA to buffer the leachate pH value to 7 and 4, respectively (n.b.
1.5 mols H+ is equivalent to leaching by 150,000 L of rainwater (@pH5)
per kg of IBA). Therefore, reaching pH 4, the threshold below which the
release of contaminant metals becomes problematic, is unlikely by
natural infiltration or carbonation.

MSW IBA was leached with two solutions that are representative of
the environmental lixiviants that could be found close to a structure,
such as a road, where MSW IBA may be reused (plant exudates may be
released from a vegetated soil layer, and a solution similar to wood chip
leachate from forest litter). Leaching with woodchips as a source of DOC
results in only a modest reduction in solution pH compared to leaching
in deionised water alone, even though the ratio of wood chips to MSW
IBA was representative of an extreme situation such as a stockpile of
wood chips on top of a layer of IBA. Even so, the resultant PTE con-
centrations in solution did not greatly deviate from those in the nitric
acid leaching experiments at the same pH value. Thus, mobilisation of
contaminant metals by infiltration with water containing DOC due to
contact with forest litter (a composition dominated by lignins, tannins
and phenolic compounds (Kannepalli et al., 2016; Taylor and Carmi-
chael, 2003; Tao et al., 2005)) is very unlikely to become problematic.

To represent the long-term effects of leaching with plant exudates,
the synthetic exudate solutions were up to two orders of magnitude
more concentrated than the solutions produced by vegetative cover.
These solutions resulted in pH values between 7–10, and aqueous Cd,
Cu, Cr, Pb and Zn concentrations that were only exceeded in the nitric
acid leaching tests when the pH value was below pH 4. Cu, which had
the highest concentration in the exudates leachate, is known to have
affinity with organic complexes, and has been detected in MSW IBA
leachate almost entirely complexed with hydrophilic DOC and/ or fulvic
acid derived from the ash (Olsson et al., 2007; Meima et al., 1999; Arickx
et al., 2010; Johnson et al., 1999). In tests carried out here, the input of
well-known organic ligands, such as citrate, via the synthetic root
exudate solutions, may have had the effect of stabilising metals in so-
lution by competing with surface sorption sites (e.g. Al and Fe ox/hy-
droxides) (Weng et al., 2002; Inskeep and Baham, 1983; Violante, 2013;
Caporale and Violante, 2016; Agnello et al., 2014; Meima et al., 1999;
Yan et al., 2022), and thus the leaching data supports the notion that a
portion of the metals are present in sorption complexes on mineral
surfaces rather than incorporated into crystalline phases.

However, it is important to note that the concentrations of exudates
produced by vegetative cover is generally low (<100 mg DOC l− 1

(Strohmeier et al., 2013; Worrall et al., 2004; Clay et al., 2009; Adeleke
et al., 2017)), which is comparable to the most dilute synthetic exudate
solution used (50 mg DOC per L). Also, in natural systems, the majority
of plant exudates are consumed in the rhizosphere by microorganisms
(bacteria and fungi) and by plant roots (Adeleke et al., 2017; Kuzyakov
et al., 2003; van Hees et al., 2005; Fischer et al., 2007). However, if an
undiluted exudate solution from a vegetative cover layer were to
permeate MSW IBA continually over a long period, it has the potential to
facilitate the buffering of pH downwards and form complexes with a
small proportion of sorbed metals. In this unlikely situation, a small
release of contaminant metals would occur with each pore volume of
flow, but the resulting aqueous concentration would be extremely low
(likely much less than guideline values for groundwater shown in Fig. 4).
Outside of naturally occurring DOC, there could, however, be potential
in the use of artificially concentrated organic lixiviants as a pre-
treatment for MSW IBA, to reduce the content of heavy metals avail-
able for leaching, prior to re-use.

5. Conclusions

MSW IBA produced from waste from a major UK city contained PTEs
at total concentrations that exceed most guidelines for unrestricted
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environmental use. However, only a small proportion of these PTEs can
be mobilised to aqueous solution unless the pH is reduced to well below
pH5 (a typical value for rainwater). In common with most other MSW
IBAs, this material has a very high acid buffering capacity, and it would
take approximately a million pore volume replacements by typical UK
rainfall to reach pH 5. Thus, mobilisation of problematic concentrations
of PTEs from this IBA by rainwater is extremely unlikely, and use of this
MSW IBA for specified construction activities does not pose an envi-
ronmental hazard.

If plant exudates from surface vegetation are allowed to directly
permeate MSW IBA over a long period, they will slightly increase the
rate at which the pH is buffered downwards, and slightly increase the
mobility of some contaminant metals at moderately alkaline pH values
(e.g. Cu and Mo). However, the concentrations of any contaminant
metals mobilised by a representative exudate solution are very low and,
in natural systems, the majority of plant exudates are consumed in the
rhizosphere, and thus the risk posed by plant exudates is low.

In MSW IBA from a modern, tightly regulated, energy-from-waste
plant, PAHs were undetectable, and PCDDs/PCDFs and PCBs concen-
trations well below reference regulatory limits. Thus, POPs are not an
environmental concern for this IBA.
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del Valle-Zermeño, R., Gómez-Manrique, J., Giro-Paloma, J., Formosa, J., Chimenos, J.
M., 2017. Material characterization of the MSWI bottom ash as a function of particle
size. Effects of glass recycling over time. Sci. Total Environ. 581–582, 897–905.

Dzombak, D.A., Morel, F.M., 1991. Surface complexation modeling: hydrous ferric oxide.
John Wiley & Sons.

Fischer, H., Meyer, A., Fischer, K., Kuzyakov, Y., 2007. Carbohydrate and amino acid
composition of dissolved organic matter leached from soil. Soil Biol. Biochem. 39,
2926–2935.

Flemish-Government 2012. VLAREMA - 17 FEBRUARY 2012. – Order of the Government
of Flanders adopting the Flemish regulation on the sustainable management of
material cycles and waste. Flanders, Belgium.
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