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1. Introduction

Municipal solid waste (MSW) volumes continue to increase. At a
global scale, MSW is estimated to equal 3.8 billion tons annually by 2050
(United Nations Environment and Association, 2024). Non-recyclable
MSW is commonly processed in waste-to-energy (WtE) facilities,
allowing for recovery of energy while reducing waste volumes. WtE
generates fly ash (FA) enriched in metals and inorganic compounds
(Quina et al., 2018). Due to the presence of potentially toxic species, FA
is typically considered hazardous waste and is disposed of in specialised
landfills at high cost. However, the metal-enriched FA can be seen as a
metal resource. One option for recovering metals is acid-leaching, where
soluble species are separated into a liquid phase for further processing.
Recovery processes for metals, mainly Zn, have been developed using
this approach (Karlfeldt Fedje and Andersson, 2020; Rasmussen, 2015;
Schlumberger et al., 2007). Another approach for utilising the ash is to
reduce metal leachability through stabilisation at a slightly alkaline pH,
since several metal ions have their mobility minimum at pH values of
approximately 9-11, see e.g. (de Repentigny et al., 2018). Fly ashes with
added lime are typically more suitable for this treatment, whereas ashes
without lime addition are more suitable for acid-leaching.

While stabilised ash could potentially be used for construction pur-
poses (Ferreira et al., 2003; Liang et al., 2023), the ash residue after acid-
leaching is landfilled if not further treated. However, for both ash resi-
dues, avoiding unintentional metal leaching is essential. Leachability
depends on the chemical form of the element. The current understand-
ing of how acid-leaching and stabilisation affect chemical contents and
forms, as well as the particle surfaces in FA, is limited, which may
restrict its secondary use. One reason for the limited understanding is
the lack of analytical methods for determining the chemical form of low-

concentrated (<1 wt%) elements. While conventional techniques, such
as X-ray powder diffraction (XRD), provide speciation of the main
crystalline species, they are rarely sensitive enough for characterising
low-concentration elements and do not allow speciation of amorphous
constituents. One technique with high potential to determine the
chemical form of low-concentrated elements in the complex ash matrix
is X-ray Absorption Near Edge Structure (XANES) spectroscopy, see e.g.
(De Matteis et al., 2024; Rissler et al., 2024, 2020; Scholz et al., 2024;
Struis et al., 2004).

XANES provides detailed information on the oxidation state and
local electronic environment of a specific target atom by analysing the
spectral fine structure near the absorption edge of the target atom,
without the disturbance of other elements that are not chemically bound
to the target atom. XANES is a powerful tool for probing the chemical
composition, changes in bonding and coordination, and structural var-
iations of low-concentration elements in complex materials, even within
heterogeneous and amorphous samples. Typical XANES detection limits
range from a few ppm to just below percent levels, depending on factors
such as target element, sample matrix, photon flux, beamline configu-
ration (including detector), and data acquisition time. Due to the
complexity of modelling XANES spectra, interpretation and identifica-
tion of chemical forms requires comparison with appropriate reference
materials. Furthermore, the more complex the speciation of the target
element is, the more uncertain the interpretation of the spectra will be.
While XANES is a bulk technique, X-ray photoelectron spectroscopy
(XPS) is a surface-sensitive technique that provides both elemental and
chemical state information of the outer surface, typically the outmost
atomic layers, of solid samples. A key advantage of this method is its low
detection limit, which reaches the parts per thousand range. Several
authors have employed XPS to investigate the chemical speciation of
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metals such as Cu, Pb, and Zn in fly and bottom ashes. For example, XPS
has been used to monitor the chemical speciation of metals in FA (Chuai
et al., 2022; Wu et al., 2023), and to reveal interactions between bed
materials and metals such as Cu, Pb, and Zn in bottom ash (Stanici¢
et al., 2022) — highlighting also XPS as a valuable tool for investigating
the complex chemistry of ashes. An advantage of using XANES and XPS
is that both are non-destructive methods.

This paper aims to investigate how acid-leached and gypsum-
stabilised FA residues from WtE facilities differ from each other and
the corresponding untreated ashes in terms of Zn chemical form and
leaching. This study provides a comprehensive view of Zn speciation,
offering a deeper understanding of Zn distribution at particle surfaces
and bulk FA, as well as how different treatment methods influence this
distribution. Knowledge about Zn speciation and distribution in wet-
treated WtE FA residues is very limited. Through this work, a better
understanding of Zn behaviour in ash is reached, and it contributes to
facilitating increased circularity through improved Zn recovery or the
safe secondary use of treated FA.

2. Materials and methods

Within this study, both untreated and treated FA samples were
investigated. Untreated samples (GB2, GB4, and GB5) were collected as
electrostatic filter ash from three full-scale grate-fired WtE boilers in
Sweden and Denmark. All three facilities treat between 400 000 and 600
000 tons of waste annually, and have been previously described in
(Rissler et al., 2024). Ash samples GB2 and GB5 were collected directly
from the hoppers, while GB4 was collected from the ash silo. Addi-
tionally, an air pollution control (APC) ash sample with the addition of
slaked lime (Ca(OH),) was collected from the same plant as sample GB2
and is herein referred to as GB2APC. GB2APC was collected manually
from the top of the bulk transport as it arrived at the treatment plant; the
rest of the material was discharged into a silo. All samples were collected
as several subsamples, which were then mixed into a single sample of at
least 500 g for each facility. The ashes were collected under stable and
normal incineration conditions to ensure they accurately represent the
standard conditions. Thereafter, the samples were packed in airtight
containers until further treatment. The chemical composition of the
original ash samples (previously reported in Rissler et al., 2024) is given
in the Supplementary Materials, Table S1.

The procedures for obtaining the treated ash samples are described in
subsection 2.1, followed by the analytical methods applied in this study
in subsections 2.2-2.5.

2.1. Ash treatment methods

The FA samples were subjected to wet treatment, i.e., stabilisation at
alkaline pH or leaching at acidic pH, as schematically represented in
Fig. 1. Stabilisation via gypsum formation was applied to GB2APC, as
this ash had added lime, which is advantageous for stabilisation. The
resulting residue is referred to as GB2APCg. This sample originates from
the full-scale stabilisation process at the Langgya site (Rui et al., 2021).
Acid-leaching was used for GB2, GB4, and GB5, as these samples had no
lime addition. The acid-leaching was carried out in one cycle for GB5
and three cycles for GB2 and GB4. The resulting residues are referred to
as GB2a, GB4a, and GB5a, respectively. All treated ash samples were
dried and stored in air-tight containers until further analysis.

The one-cycle method is a lab-scale version of the full-scale process
used in the plant where GB5 was collected (Renova AB, 2023), while the
three-cycle method is at laboratory scale, with potential for further
development to full-scale. Ash GB5 has been thoroughly studied previ-
ously in terms of Zn leaching and recovery, with a conclusion that
approximately 70 % of the Zn can be leached from the ash (Karlfeldt
Fedje and Andersson, 2020). The total amount analyses, as shown in
Table S1, and earlier research on GB2, GB4, and GB5 (Rissler et al.,
2024) indicate that Zn is bound in more stable compounds, such as
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Fig. 1. Schematic representation of the three ash treatment methods used: a)
stabilisation, original ash GB2APC and residue GB2APCg; b) acid-leaching, one
cycle, original ash GB5 and residue GB5a; c¢) acid-leaching, three cycles, orig-
inal samples GB2 and GB4 and residues GB2a and GB4a. Acid: H,SO4 (a) and
HCI (b and c), Process water: re-circulated water from the neutralisation pro-
cess, Alkaline slurry: Mixture of ash and process/rain water to start the neu-
tralisation process, Neutralisation: Addition of waste acid to the alkaline slurry
to reach pH for minimising metal mobilisation, Filtration: Dewatering of the ash
residues. The collected liquids are sent to further water treatment (a) or for
metal recovery (b and c). Washing: Ash samples GB2, GB4, and GB5 are washed
with deionised water before filtration. Leaching: HCI leaching in one (b) or
three (c) steps at pH 4 or < 1, respectively.

silicates and Fe/Al oxides, in GB2 and GB4 compared to GB5. Thus, a
more rigorous acid-leaching may be necessary to achieve similar or
higher Zn mobility than from GB5. GB2 and GB4 are similar but
generated from WtE plants in Sweden and Denmark, respectively, with
variations in, e.g. waste composition that might influence the Zn
speciation.

2.1.1. Stabilisation

Sample GB2APC was mixed with recirculated process water and
stored rainwater to make an alkaline ash slurry, as shown in Fig. 1a. This
slurry was then used to increase the pH of spent sulfuric acid (H2SO4,
approximately 25 wt%) originating from titanium dioxide (TiO3)
manufacturing. The reaction was stepwise, with a total residence time of
ca 90 min. The process was controlled to maintain pH levels between 9.0
and 10.5, aiming to achieve the lowest mobility for targeted hazardous
elements, such as Cd, Cu, Pb, and Zn. The process generated a gypsum
matrix from the reaction of Ca from the ash with sulphate from the
sulfuric acid. The gypsum matrix was dewatered in a filter press, and the
separated water was recirculated as process water to generate the ash
slurry.
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2.1.2. Acid-leaching

2.1.2.1. One cycle. The treated ash sample GB5a was prepared in a
laboratory-scale experiment, starting from 10 g of untreated FA (GB5)
and following a procedure comparable to that used in the full-scale
plant. Details about the process in the pilot tests and the full-scale
plant can be found in (Renova, 2023; Karlfeldt Fedje and Andersson,
2020). For the laboratory experiment, acid (mainly HCl, pH O i.e. 1 M,
Supplementary Materials, Table S2) was collected from the wet flue gas
cleaning treatment in the full-scale WtE plant from which GB5 ash
originated and used to leach the FA with a liquid-to-solid ratio of about
3.5 at pH 4 for approximately 10 min, as demonstrated in Fig. 1b. The
ash residue was separated from the liquid via filtration, washed (18.2
MQ deionised water) and dewatered, while the ash leachate was pH
adjusted to around 10 to precipitate the Zn product. The resulting water
was treated in the ordinary wastewater treatment system.

2.1.2.2. Three cycles. Samples of approximately 200 g of ash GB2 and
GB4 were treated according to the process outlined in Fig. 1c. Briefly,
the samples were extracted in three consecutive cycles of acid-leaching
(30 min, 5.5 % HCI, pH < 1 for each cycle) followed by rinsing with 18.2
MQ deionised water. Following each step, the solid phase was separated
from the liquid by high-pressure (800 kPa) filtration before transfer to
the next step.

2.2. Sequential extraction

The potential mobility of Zn in untreated and treated ash samples
was assessed by a sequential extraction procedure developed by (Tessier
et al., 1979) and further modified by (Karlsson et al., 1988). All samples
were extracted in five consecutive steps using increasingly aggressive
extractants. The targeted fractions and extractants used for each step
were: 1) Loosely bound species, extracted with de-ionized water (18.2
MQ); 2) Exchangeable species, extracted using 1 M NH40Ac, pH 7; 3)
Carbonates and easily soluble hydroxides, extracted with 1 M NH40Ac,
adjusted to pH 5 using acetic acid; 4) Reducible fraction (oxides),
extracted with 0.04 M NH3OHCI in 25 % acetic acid, and 5) Oxidizable
fraction, extracted using HyO» and HNOs. In the text, these steps are
referred to as MQ, Ac7, Ac5, Red and Ox, respectively. The residue
remaining after the last step is referred to as Res. The reducible and
oxidizable fractions were extracted at elevated temperatures (96°C and
85°C, respectively), while fractions 1-3 were extracted at room tem-
perature (20 C). Following each sequence step, the solids were separated
from the liquid by centrifugation (4000 RPM, 10 min) before being
transferred to the next step. All extractions were performed using a
liquid-to-solid ratio of 20, and the initial ash weight was 0.5 g per
sample, representing 100 % dry substance. Sample dilution and prepa-
ration of all solutions were done using deionized water (18.2 MQ) and
analytical-grade chemicals.

2.3. XANES

XANES analysis was performed at the Balder beamline at the 3 GeV
ring (operated at ~400 mA) of MAX IV Laboratory (Klementiev et al.,
2016; Robert et al., 2023). The XANES scanning was performed around
the Zn K-edge at 9659 eV, focusing on Zn speciation. To obtain samples
compatible with XANES, each sample was mixed with boron nitride
(BN) and pressed into tablets (Rissler et al., 2020). For each tablet, a
sample of ~100 mg ash was used. For the fresh ash, the samples were not
ground or pressed into tablets, as we have observed that the preparation
method affects Zn speciation (Rissler et al., 2024). A beam size of H 100
x V 100 um? was used, and sequential scans were performed by moving
the beam in steps of 200 um over the sample to minimise the effects of
beam damage. The energy was set by the monochromator (cryogenically
cooled Si(111) crystals) and calibrated by assigning the first peak of the
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first derivative for the K-edge of a Zn metal foil to 9659 eV. The spectra
were collected primarily in transmission mode. For the lowest-
concentration samples (typically when Zn < 0.5 wt%, but sample-
dependent), the fluorescence mode with a passivated implanted planar
silicon (PIPS) detector was used to enhance sensitivity. Data processing
and normalisation were completed using Athena software (Ravel and
Newville, 2005), enabling the linear combination fitting (LCF) of the
spectra from a large set of references. The implementation of LCF is
described in (Rissler et al., 2020). In this study, except for GB2APC, the
same untreated ashes were used as in the previously published study,
and thus the results from the LCF of GB2, GB4 and GB5 are identical to
the results found in Table 3 in (Rissler et al., 2024): they are included
here for comparison purposes.

In this study, the same set of references as presented in the study by
(Rissler et al., 2024) was used: KZnCls, K5ZnCly, CaZnCly, ZnCl,,
Zns(OH)8C12~H20, ZIlBI‘z, ZnO, ZH(OH)z, ano, ZHOOH,
an(PO4)2 -4 H20, ZI'IN03 -6 HzO, Zn5(C03)2(OH)6, ZHC03,
ZHSO4~H20, Zl‘lS, Zl‘l4SizO7(OH)2~H20, Zn25i04, CaQZnSi207, ZnFe204,
ZnAl;04, metallic Zn, CusZng, ZnSb,0¢, ZnTiO,, and Znj_yAl,(OH),[-
SO4lx/2 - n H20. CaZnCly is a synthesised reference with a structure that
stoichiometrically should be CaZnCly. Still, since this compound is not
included in the X-ray Diffraction (XRD) database, this could not be
confirmed: no XRD peaks were found from the original compounds
(CaCly and ZnCly). Also, four references representing Zn adsorbed to
surfaces were prepared, as Zn is known for its ability to be adsorbed to
surfaces (Andersen et al., 2002; Struempler, 1973; Van Eynde et al.,
2022): ZH_F610014(0H)2, Zn_A1203 -4 Si04'H20, ZI'l_CaCO:;, and
Zn_CaSO4, where “Zn_” indicates that Zn is adsorbed. The reference
materials were primarily selected for their relevance to untreated FA,
rather than for the treated ashes specifically. This will affect the reli-
ability of the results for the stabilised ashes.

2.4. XPS

The chemical analysis of FA particles was conducted using a PHI
5000 VersaProbe III Scanning XPS Microprobe (base pressure of 1 x 10
9 mbar). The excitation source was a monochromated Al operated at 25
W. The energy scale calibration was performed according to ISO 15472
standards, utilising reference core-level peaks of Au 4f;,5, Ag 3ds,2, and
Cu 2p3,2 at 83.95 eV, 368.21 eV, and 932.64 eV, respectively.

The outermost surface features (~5 nm) were investigated by
mounting a fine layer of particles on carbon tape, after which dry ni-
trogen gas was blown over the surface to remove loose particles. The
sample was then loaded into the spectrometer, and the transfer pro-
cedure included exposure to vacuum for at least one hour before anal-
ysis. A dual-beam charge neutralisation system was utilised to prevent
charge buildup for non-conductive materials.

Analysis points (3-6 points per sample) were selected based on
scanning X-ray induced secondary electron imaging (SXI). Survey scans
were performed in the range 0-1350 eV (pass energy 280 eV, step size
0.5 eV) for compositional analysis. High-resolution, narrow scans were
performed in specific regions for chemical state analysis (pass energy,
26 eV; step size, 0.1 eV). The region spectra were fitted using the Mul-
tipak 9.7.0.1 software. Peak constraints regarding the area ratios and
spin-orbit separation were defined as reported in the literature
(Moulder et al., 1992). The peak areas of each element were normalised
by the atomic sensitivity factors (ASF) provided by Multipak software in
the quantitative analysis of the surface composition. Charge referencing
was made to the adventitious C 1 s line at 284.8 eV to calibrate the
binding energies of other elements. Selected region spectra were
recorded, covering C1 s, O 1 s, K 2p, Cl 2p, Si 2p, Zn L3M45M45, and
Zn 2p, for chemical state identification. To capture the characteristics of
the Zn 2p-region, data were collected in the energy range from 1015 to
1050 eV. The chemical state of Zn was investigated in detail using the
NIST XPS—database (NIST, 2023). Furthermore, two reference com-
pounds (KZnCls and K3ZnCly) were included in the analysis, as they
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were not listed in the database but were deemed relevant to this study.

2.4.1. Surface enrichment factor

The relative Zn concentration in the ashes before and after treatment
was evaluated using the surface enrichment factor (SEF), which quan-
tifies the ratio of Zn on the particle surface compared to its bulk and is

defined as % Each SEF value was determined by comparing the

Zn concentration on the sample surface as measured by XPS with the
bulk concentration derived from the total elemental analysis, presented
in Table 1.

A SEF value equal to 1 indicates that the concentration of Zn on the
surface is equal to that in the bulk. A factor greater than 1 implies
enrichment of Zn on the surface relative to the bulk, whereas a value less
than 1 indicates a depletion of Zn at the surface.

2.5. Chemical analytical methods

The total elemental compositions of selected elements in the un-
treated ash samples, i.e. GB2, GB4, GB5, and GB2APC, and the treated
ash samples, i.e. GB2a, GB4a, GB5a and GB2APCg, were determined
with inductively coupled plasma sector field mass spectrometry (ICP-
SFMS). Before analysis, samples were digested according to ASTM
D3682, ASTM D4503-08 (digestion using lithium metaborate (LiBO3)
and HNOs3) or SS-EN-13656 (digestion with HF, HNOs, and HCI).

The metal concentrations following the sequential extractions were
assessed by analysing the obtained liquids using X-ray fluorescence
(XLAB 1000, Xepos 03). In addition, extractions following the first three
steps in the sequence (MQ, Ac7 and Ac5) were analysed for pH (Sev-
en2Go pH Meter, Mettler Toledo).

3. Results and discussion
3.1. Total elemental analysis

The total amounts of selected elements in the ash residues, i.e. after
treatment, are given in Table 1. Additionally, the elemental enrichment
or reduction compared to the untreated ash sample is shown. The total
weight reduction after acid-leaching is 44 % for GB5, while the corre-
sponding values for GB2 and GB4 are 57 % and 55 %, respectively. Ash
samples GB2 and GB4 were treated with the three-cycle acid-leaching
procedure, whereas GB5 underwent only one leaching cycle. Thus, the
higher weight reduction for GB2a and GB4a is most likely due to the
more aggressive leaching (pH < 1 vs 4), as discussed in Section 2.1.2 and
Fig. 1, where a larger amount of the ash matrix is dissolved; however,
variations in the ash matrix composition also influence dissolution
(Rissler et al., 2024). Note that the weight reduction due to leaching will
result in a relative mass enrichment in the residue for elements that do
not leach, while elements efficiently leached are depleted. Conse-
quently, e.g. Ba, Sn, and Ti, have more than 50 % higher contents in the
treated ash samples, due to the low mobility of these elements and the
release of salts and other easily soluble compounds, which cause total
mass losses. This is especially pronounced in GB5a. Some of the enriched
elements may be of interest for further recovery due to their high con-
tent and metal value, e.g., Ti (1-2 wt%), but they are likely bound in
stable forms, indicating the need for advanced extraction methods.

The stabilised ash residue GB2APCg shows another pattern and has
the overall lowest enrichment, as shown in Table 1, due to the addition
of HySO4 causing gypsum formation (CaSO4-2 H0). The gypsum for-
mation balances the weight loss resulting from the washing out of water-
soluble compounds, resulting in a similar weight of the material after the
treatment, i.e. no weight reduction, unlike the acidic treatment. As seen
from Table 1, other elements than S are also enriched in the stabilised
residue (e.g. Fe and V), which is related to the presence of these in the
sulfuric acid used in this process.
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3.2. Sequential extraction

The results, expressed as a percentage of the total contents, indicate a
distinct decrease in the water-soluble fractions of Zn (fractions MQ and
Ac7 in Fig. 2) after stabilisation and acid-leaching. This is likely related
to the removal of chlorides, and is further supported by Table 1, which
shows a decrease in total Cl concentration. As seen in Fig. 2, all treat-
ment processes reduce the relative amount of Zn released in the
exchangeable fraction (Ac7), from 30-55 % to less than 10 %. For the
stabilisation process, i.e., GB2APCg, an increase is observed in the
relative carbonate fraction (Ac5) from 25 % to 60 %. Smaller Zn
amounts were released in the Ac5 fraction for all acid-leached samples
compared to untreated, although this effect was less pronounced for the
one-cycle leaching than for the three-cycle process. Acid-leaching
increased the residual fraction in all samples.

Overall, the results indicate a shift in Zn speciation towards less
mobile species following both treatments. The decrease in the
exchangeable (Ac7) fraction seen in all samples is attributed to the
removal of water-soluble species (e.g. chlorides), while the compounds
soluble during reducible conditions remain. Furthermore, the acid-
leached samples exhibit significant similarities in terms of Zn extract-
ability, despite the different processes employed. The increase in the
residual fraction for the acid-leached samples is related to the mass
reduction following these treatments. The increase in water-soluble Zn
observed after the three-cycle acid-leaching of GB2a and GB4a is most
likely due to poor rinsing of the samples after treatment, but could also
be attributed to chemical transformation and the precipitation of sec-
ondary compounds.

3.3. XANES

A comparison of the XANES spectra for untreated and treated ash
reveals that both stabilisation and acid-leaching significantly alter the
chemical speciation of Zn, as shown in Fig. 3. In the case of acid-
leaching, the change in chemical form is most likely a result of the
removal of water- and acid-soluble compounds, leaving behind the more
stable Zn-forms. However, transformations may also occur. For the
stabilised ash GB2APCg, the difference is due to alterations in the
chemical composition, as the Zn content in the ash is not significantly
decreased, as can be seen in Table 1.

To obtain information about the Zn-speciation, the XANES spectra of
the untreated and treated ashes were analysed by linear combination
fitting (LCF) using a library of XANES spectra from approximately 30
reference compounds, as described in (Rissler et al., 2024). An overview
of the result is presented in Fig. 4.

The most obvious finding is that the untreated ashes initially contain
a significant fraction of potassium zinc chlorides (KyZnyCl,), ranging
from 30 to 65 mol%, as was also concluded in earlier XANES studies of
WIE ash (Rissler et al., 2024). The untreated ash with the lowest content
of KyZnyCl, was the ash with lime additives, suggesting that some of the
KyZnyCl, initially formed by condensation undergoes a chemical change
when lime is present.

Following all treatments, the compound KyZnyCl, was either signif-
icantly reduced or completely removed. It remained only as a minor
component (10 mol%) in the acid-leached samples GB2a and GB4a, as
shown in Fig. 4. The remnants of water leachable Zn after the acid
treatment are supported by the results from sequential leaching, which
show that some water-soluble Zn remain in these two samples, while not
in GB5a. This is likely due to poor rinsing and is further discussed in
Sections 3.2 and 3.5. The LCF also indicates that Zn is present in the form
of spinels (ZnFe;O4 and ZnAl,O4) and silicates (hemimorphite
(Zn4(Si207)(OH)2-H20), willemite (ZnySiO4), and Zn in glass) and that
the relative content of these fractions increases in the samples that un-
derwent acid-leaching, as expected when other soluble Zn-compounds
were removed.

Comparing fits before and after stabilisation, i.e., GB2APC and
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Table 1

Total contents of selected major and minor elements in treated ash samples GB2APCg (stabilisation), GB2a, GB4a, and GB5a (acid-leaching). The values are provided in
mg/kg dry substance (DS). The elemental enrichment (EE) of each element in treated vs untreated ash samples is also provided. An EE value > 1 indicates that the
content is higher in the treated ash, while an EE value < 1 means the content is lower. Contents >=+ 0.2 of the treated ash samples are marked in yellow (enriched) and
blue (depleted), respectively.

GB2APCg GB2a GB4a GB5a
Content Content Content Content
Element EE* EE* EE* EE*
[mg/kg DS] [mg/kg DS] [mg/kg DS] [mg/kg DS]
Al 30 400 0.9 26 700 0.7 17 900 0.6 35300 1.5
As 84 0.8 57 0.5 153 0.6 1680 1.2
Ba 1790 0.9 6470 1.7 2470 1.5 2280 1.7
Ca 188 000 0.9 134 000 0.9 152 000 1.0 191 000 1.6
cd 99 0.7 5.8 0.1 10 0.1 33 0.1
Co 37 13 78 0.8 13 0.8 35 1.4
cl 89700 0.6 5550 0.1 2740 0.1 7 640 <0.1
Cr 496 1.4 821 1.3 403 1.3 916 1.6
Cu 1740 0.9 1170 0.6 155 0.2 2730 1.1
Fe 35700 2.0 20000 0.9 16 500 1.0 16 900 1.7
K 19 400 0.6 8590 0.2 10 100 0.2 10 700 0.2
Mg 15 300 11 5520 0.4 3100 0.3 10 700 1.1
Mn 915 1.0 421 0.4 378 0.4 729 13
Mo 43 0.9 82 1.5 29 2.4 52 1.8
Na 30 000 0.7 6170 0.1 4260 0.1 10 800 0.1
Ni 149 0.9 217 14 59 14 206 1.6
P 262 0.9 3650 0.6 4140 14 9170 1.6
Pb 3240 0.9 5940 1.4 2 600 0.6 7 160 1.7
S 71 400 2.0 94 800 1.7 104 000 0.9 99 500 1.6
Sb 1540 0.9 3030 13 1740 1.5 3390 1.6
Si 86 500 1.0 181 000 1.5 196 000 1.4 73 500 1.4
Sn 584 0.9 1400 1.8 1310 1.9 2 650 1.7
Sr 321 0.9 562 1.3 573 1.1 433 1.5
Ti 13 200 1.3 19 700 1.7 11 900 1.8 12 900 1.8
\" 262 2.8 57 0.4 23 0.4 56 1.5
Zn 14 400 0.9 7 250 0.4 7 120 0.4 20 400 0.5

*Calculated as [treated ash]/[untreated ash].
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Fig. 2. Distribution of Zn in 6 different fractions according to the sequential
extraction scheme in untreated and treated ash samples GB2APCg, GB2a, GB4a,
and GB5a. MQ represents the extraction with deionised water; Ac7 corresponds
to exchangeable species at pH 7; Ac5 corresponds to carbonates and easily
soluble hydroxides released at pH 5; Red represents the reducible fraction
(oxides), Ox represents the oxidizable fraction, and the remaining residue is
referred to as Res. For further details, please refer to Section 2.2. Data for the
original samples GB2, GB4, and GB5 are previously used in (Rissler et al.,
2024). (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. Illustrating the Zn speciation from LCF of XANES spectra of the ash
samples. The given fraction represents the molar fraction of the Zn bound in
each type of chemical form. The interval fitted was — 25 eV to + 35 eV, where
0 eV corresponded to the absorption edge. Zn adsorbed to particle surfaces is
here represented by the references given in the method section (2.3). Note that
the results for GB2, GB4 and GB5 are the same as in Table 3 in Rissler et al.
(2024) and are reported here for comparison purposes.

GB2APCg, shows consistency in the amount of Zn found as spinels and
silicon oxides (in this case, the total Zn content remains the same before
and after stabilisation). Other compounds that, according to the LCF,
increase upon stabilisation are hydrozincite (Zns(CO3)2(OH)g) and
zincwoodwardite ((Zn; xAlx)(OH)2(SO4)x,/2-nH20), while the potassium
zinc chlorides disappear completely. Hydrozincite and zincwoodwardite
are commonly found in similar environmental settings, typically formed
as secondary minerals during the weathering and oxidation of zinc ores.
Both minerals generally form under neutral to alkaline pH conditions
and dissolve in acidic environments (Alwan and Williams, 1979;
McMahon et al., 2019). However, the LCF of XANES data suggests their
presence in the residue after acid-leaching. In the case of GB2, hydro-
zincite and zincwoodwardite appear to decrease during leaching, as
would be expected. Please note that the apparent small decrease in Fig. 4
is much more pronounced than it appears here as the total Zn content is
reduced by acid-leaching. However, for GB4 and GB5, the LCF results
indicate formation of these phases during acid-leaching, which is
inconsistent with their expected behaviour to dissolve at acidic condi-
tions, making the LCF results questionable. Notably, the robustness of
the fit for these compounds is lower compared to other phases that
consistently appear across different fitting settings (e.g., energy cali-
bration, normalisation parameters, and included reference spectra). The
questionable LCF results for GB4 and GB5 are most likely due to the
absence of critical Zn reference spectra for compounds formed during
the acid leaching process. In their absence, the LCF algorithm substitutes
these with other reference spectra with similar features, potentially
leading to misidentification. Therefore, to improve the accuracy of
XANES analysis for acid-leached samples, future work should focus on
identifying and incorporating suitable Zn reference compounds specific
to acid-leached ash into the reference database. It is also worth noting
that the LCF method is limited to identifying phases present above a
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certain concentration threshold (typically > 5 %), which can lead to the
appearance of new compounds in the fit when others are removed, even
if they were also present beforehand.

To further investigate the robustness of the results from the LCF
analysis, the XANES spectra of the untreated ashes (GB2, GB4, and GB5)
were fitted with the XANES spectra from the residues after acid-leaching
and the reference compounds that were expected to be soluble at acidic
pH. This analysis showed that about 20-30 % of the Zn in the fresh ash
corresponds to Zn remaining in the residues after acid-leaching, i.e.
70-80 % of the Zn can be released during acid-leaching. This is in good
agreement with the amount of Zn remaining in the ash after acid-
leaching quantified by elemental analysis, as shown in Table 1.

While the LCF results indicate the chemical forms present, they
should not be interpreted as precise speciation since that would require
all relevant references to be included in the database used. The reference
library used in this study is extensive compared to many earlier studies,
but was originally developed in a project primarily focused on fresh
ashes. Thus, the library would need to be expanded further to include
more references relevant to the treated ashes. Therefore, the results from
the LCFs for the treated ashes could be expected to be less certain.
Furthermore, as the complexity of the mixture of Zn species increases, so
does the uncertainty in the fit, with the increasing risk that a local
minimum is found. Still, most of the results are robust and also in line
with observations made by complementary techniques.

3.4. XPS
The surface compositions (wt% for selected elements) of the un-
treated and treated ash samples were determined by XPS. As expected,

due to the high solubility of metal chlorides, the detected surface

Table 2
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concentrations of Cl, K, and Zn were significantly reduced following
acid-leaching, as reported in the Supplementary material, Table S3. This
shows that KyZnyCl, have been effectively removed from the particle
surfaces. This observation, in combination with the fact that XANES
predicts a small fraction of KyZnyCl, remaining in GB2a and GB4a,
suggests that the remaining KyZnyCl, is below the outermost particle
surface, from which the compounds can still be leached by water during
the sequential leaching. The XPS data also show that the surface con-
centrations of Ca, Fe, S, and Si increased after acid-leaching, suggesting
that the remaining surface Zn is most likely bound in spinels and/or
silicates, further supported by the XANES analysis. For the stabilised ash,
a slight decrease in Zn surface concentration is observed, but otherwise,
the composition remains similar.

To gain a deeper understanding of the change in surface-to-bulk
distribution of different elements in the ash particles upon treatment,
the relative surface composition was compared to the total elemental
content using the surface enrichment factor (SEF), as presented in
Table 2.

For all untreated ashes, Zn is enriched at the surface compared to the
bulk. The decrease in surface-bound Zn after both leaching and stabili-
sation is reflected in the SEF values in Table 2 and the surface concen-
trations reported in Table S3. Ashes following acid-leaching show a
higher decline in Zn at the surface compared to the ash following sta-
bilisation. GB5a exhibits the highest concentration of Zn at the surface
after acid-leaching, with a SEF slightly above 1. This could be attributed
to the fact that this sample is leached only once, while GB2a and GB4a
are leached in three steps. In contrast to GB2a and GB4a, all elements
detected at the surface of GB5 are still present in GB5a, albeit at lower
concentrations. A possible reason for certain elements, such as Cl, hav-
ing similar or higher SEF-values than before acid-leaching is that small

Surface enrichment factor (SEF) for selected elements in untreated and treated ashes. SEF around 1 indicates even distribution between surface and bulk, > 1 suggests
surface enrichment, and < 1 indicates higher bulk concentration. SEF-values showing an increase (> 0.2) relative to the untreated ash are highlighted in yellow, while

those showing a decrease (< 0.2) are highlighted in blue.

GB2APC | GB2APCg GB2 GB2a GB4 GB4a GB5 GB5a
Al <DL 11 0.3 <DL 0.1 <DL 1.4 13
Ca 0.9 1.0 0.4 0.9 0.4 0.7 0.5 0.7
Cl 0.8 1.0 11 <DL 1.9 2.1 0.7 2.1
Cu 6.1 11.8 17.6 <DL 254 <DL 9.9 6.3
Fe 2.6 1.4 0.4 0.6 23 2.6 1.6 2.8
K 0.7 11 2.2 <DL 1.5 <DL 1.0 0.7
Na 1.0 1.2 1.6 <DL 1.9 <DL 11 1.7
Pb 2.6 1.7 7.5 <DL 8.8 4.5 5.3 3.3
S 15 0.7 1.6 1.2 11 1.0 0.8 0.7
Si 0.3 0.5 0.3 11 0.2 1.0 1.0 0.8
Zn 4.4 2.3 2.9 0.8 3.7 0.8 2.8 13

* DL = detection limit.
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amounts are still concentrated at the outermost surface upon drying,
despite a significant decrease in total content, as shown in Table 1.

In GB2APCg, most elements show SEF values close to 1, indicating an
homogenous distribution between the surface and the bulk of the par-
ticles. Comparing the surface composition of GB2APC and GB2APCg
reveals that the surface-bound Zn decreases but still remains enriched at
the surface compared to the bulk.

The chemical state of Zn in the different ash samples was studied in
more detail by analysing the Zn 2p-region, along with K 2p and CI 2p.
Fig. 5 illustrates the Zn 2p spectra for various ash fractions, showing the
normalised intensity as a function of the binding energy. Data for two
reference compounds, KZnCls and K3ZnCly, are included in the figure for
comparison.

As shown in Fig. 5, the binding energy of the Zn 2p electrons of
untreated ashes aligned better with K3ZnCls than with KZnCls, also
supported by the XANES fitting, discussed in Figs. 2 and 4, respectively.
The presence of K3ZnCly was confirmed through additional spectral
analysis of several measurements in the untreated ash fractions,
accompanied by a detailed analysis of the K 2p and Cl 2p regions. In
addition to the presence of KyZnCly, the broad peaks indicate that
multiple chemical states are present, suggesting that Zn exists in various
chemical environments. The exact forms could not be identified, but
components at lower binding energies are most likely due to the pres-
ence of mixed metal oxides and silicates, consistent with the results
obtained by XANES. After careful investigation of K 2p and CI 2p in
GB2APCg, it was concluded that K3ZnCly is likely not present at the
surface after stabilisation, meaning that Zn species undergo chemical
transformation when subjected to stabilisation. Due to the low concen-
trations, determining the Zn chemical speciation in the acid-leached
ashes was challenging. However, the lack of Zn at the surfaces in-
dicates that Zn is incorporated in the bulk of the treated ashes. Any
remaining KyZnyCl, in the ashes subjected to three acid-leaching cycles,
as determined by XANES, are likely located beneath the sample surface.
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As XPS only probes the outermost ~5 nm of the surface, the remaining
KxZnyCl, compounds may either be located deeper within the particles
or trapped in less accessible regions. In these cases, they remain exposed
to acid-leaching but are undetectable by XPS, as emitted electrons
cannot escape.

3.5. General discussion

The acid-leached ashes showed an enrichment (per ash mass unit) in
the total amounts of Ca, Fe, and Si, and a depletion in the amounts of Cl,
K, Na, and Zn compared to untreated ashes. The stabilised ash showed
increased concentrations of Fe, S, and V, which are related to the acid
used in the stabilisation process, as discussed in Section 3.1. The total
content of Zn remained unaltered in the stabilised ash, while it
decreased significantly in the acid-leached ashes. The relative decrease
in Zn content is similar, although somewhat higher in the three-cycle
acid-leached ashes. After leaching, the absolute Zn content is almost 3
times higher in GB5a compared to GB2a and GB4a, respectively. This
suggests an opportunity to extract more Zn from the ash residue GB5a
through additional acid-leaching cycles. However, efficiency is likely
limited as large parts of Zn are available in non-leachable forms, as
shown in Figs. 2 and 4.

The XPS data show that the surface concentration of Zn is reduced in
the residue, as presented in Tables 2 and S3, and that when the easily
soluble KyZnyCl, is removed from the surface, the relative abundance of
e.g. Zn-silicates and spinels increases. XANES predicts a small fraction of
KxZnyCl, in the bulk of the ashes after the three—cycle acid-leaching
(GB2a and GB4a), which is shown in Fig. 4. This was confirmed by
sequential leaching, where 10-15 % of the Zn was extracted in the initial
fraction by MQ water. As discussed earlier, this could likely be avoided
by additional rinsing. A possible explanation for this phenomenon is the
non-optimal interaction between the acid and ash particles, caused by
time limitations or physical aspects such as cracks and complex pore
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structures in the ash. As a result, the mobilised ions are not completely
transferred from the pore liquid into the bulk. Instead, they are adsorbed
on particle surfaces and might reprecipitate, e.g. as KyZnyCl,. The next
time the ash is exposed to water or another liquid, these compounds may
be released. This could also be the reason that acid-soluble compounds
identified by XANES in the acid leached ashes, such as ZnFe;04 (Zhang
et al., 2018), are only partially removed during acid-leaching. However,
another explanation for the presence of Zn in an iron spinel could be that
these are stabilised by the additional substitution of transition elements
for Fe in the magnetite structure (Liang et al., 2013). Even though Zn
remains at the particle surfaces after stabilisation (GB2APCg), its
chemical form has been altered.

Although the original ashes vary in composition and different
treatment methods were used, all residues exhibit many similarities in
terms of Zn leachability and speciation. The three treatments used
effectively decrease the amount of easily soluble compounds, thereby
revealing more stable Zn compounds, such as Zn-silicates and spinels.
This suggests that the residues obtained from these treatments are not
prone to leaching Zn if the rinsing of the residues is sufficient.

4. Conclusions

This study provides new insights into the Zn speciation in FA residues
subjected to wet treatment processes, i.e. acid-leaching and stabilisation
via gypsum formation, by uniquely employing spectroscopic techniques
such as XANES and XPS. For the ash treated with acid-leaching, easily
soluble Zn compounds, such as K,Zn,Cl, are efficiently released from the
ash, and the remaining Zn is present in more stable compounds like
spinels and silicates, compared to the untreated ashes. Low concentra-
tions of easily soluble Zn compounds are still present in some of the
residues, as confirmed by sequential extraction and XANES, but could
not be identified on the particle surfaces by XPS. This is likely because
the outermost layers of the particles are efficiently washed during the
water washing steps used in all processes, while the washing is less
efficient deeper within the particles due to factors such as cracks and
complex pore structures. The Zn surface enrichment observed by XPS in
the fresh ashes decreases with treatment. Altogether, thorough water
washing is necessary after treatment to prevent unwanted Zn leaching
from the ash residues.

The Zn content in the stabilised ash residue remains unchanged upon
treatment. In contrast, the Zn contents are significantly lower in the
acid-leached ash residues. A three-step acid-leaching process was
applied to the two ashes, which, in an initial analysis of the raw ashes
(using XANES and sequential leaching), indicated the presence of a
higher fraction of more stable Zn compounds. This is based on the hy-
pothesis that a stronger leaching would be needed to release Zn from the
ashes. However, the use of a three-step acid-leaching process at pH < 1
did not release significantly more Zn compared to the one-step leaching
at pH 4. This highlights the importance of studying the complex ash
matrix using multiple techniques and methods, including advanced
spectroscopic methods such as XANES and XPS, thereby enabling the
development of resource- and energy-efficient processes that avoid un-
necessary steps and chemicals.

To conclude, wet ash treatment yields more stable ash residues with
respect to Zn, promoting the secondary use of the ash residues or safer
landfilling. Acid-leaching is an effective method for recovering Zn from
ash, but it requires well-designed procedures to achieve efficient full-
scale processes.
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