
 

Chemical speciation, distribution and leaching behavior of
chlorides from municipal solid waste incineration bottom ash
Citation for published version (APA):
Alam, Q., Lazaro, A., Schollbach, K., & Brouwers, H. J. H. (2020). Chemical speciation, distribution and leaching
behavior of chlorides from municipal solid waste incineration bottom ash. Chemosphere, 241, [124985].
https://doi.org/10.1016/j.chemosphere.2019.124985

Document license:
CC BY-NC-ND

DOI:
10.1016/j.chemosphere.2019.124985

Document status and date:
Published: 01/02/2020

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1016/j.chemosphere.2019.124985
https://doi.org/10.1016/j.chemosphere.2019.124985
https://research.tue.nl/en/publications/f4facb89-21a6-4ba7-b9c3-5bdb66a873b7


lable at ScienceDirect

Chemosphere 241 (2020) 124985
Contents lists avai
Chemosphere

journal homepage: www.elsevier .com/locate/chemosphere
Chemical speciation, distribution and leaching behavior of chlorides
from municipal solid waste incineration bottom ash

Qadeer Alam a, *, Alberto Lazaro a, Katrin Schollbach a, b, H.J.H. Brouwers a

a Department of the Built Environment, Eindhoven University of Technology, P. O. Box 513, 5600, MB, Eindhoven, the Netherlands
b Tata Steel, R&D, Microstructure & Surface Characterization (MSC), P. O. Box 10.000, 1970, CA, Ijmuiden, the Netherlands
h i g h l i g h t s
* Corresponding author.
E-mail address: q.alam@tue.nl (Q. Alam).

https://doi.org/10.1016/j.chemosphere.2019.124985
0045-6535/© 2019 The Authors. Published by Elsevier
g r a p h i c a l a b s t r a c t
� The chemical speciation of chloride
in MSWI bottom ash is reported.

� Halite (NaCl) is major soluble Cl� in
coarser bottom ash particles (0.125
e4mm).

� Cl� is immobilized by hydrous Al-
oxides, ettringite & melilitic inciner-
ation slag.

� Cl� leaching profiles (upto 80 h) from
BA are obtained with chloride ion
specific electrode.

� Leaching of Cl� from BA is both
diffusion- and reaction-controlled
phenomenon.
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a b s t r a c t

Municipal solid waste incineration (MSWI) bottom ash is an environmentally harmful solid waste that
cannot be recycled without pre-treatment. The chloride content in bottom ash (BA) is a major obstacle
that restricts its application as secondary building materials. Here, the chemical speciation of the chlo-
rides in BA is systematically studied with multiple analytical techniques, i.e., quantitative XRD, micro-
analysis and XPS. In addition to halite (NaCl), several chloride-rich minerals are present in BA. These
phases are hydrous metal oxides, ettringite, decomposed hydration products (C4A3) and incineration slag
with a chloride content of 3.2%, 1.4%, 2.1% and 1.3%, respectively. For the first time, the real-time leaching
profiles of chloride (up to 80 h) from BA were obtained with a chloride-ion specific electrode to explain
the leaching mechanism. In the initial stage of leaching, highly soluble alkali salts (NaCl) and physisorbed
chlorides (especially those adsorbed on hydrous metal oxides) are released, which is controlled by
diffusion. Later, the leaching is controlled by the solubility/reactivity of the chloride-containing phases,
such as ettringite and incineration slag. The results show that the release of chloride is not only a
diffusion-controlled process, as reported in the literature, but also a reaction-controlled phenomenon,
during which the chloride-rich phases decompose and release chlorides that are associated with them
via sorption/incorporation.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Ltd. This is an open access article u
1. Introduction

Municipal solid waste incineration (MSWI) is increasing rapidly
due to anthropogenic activities and urbanization. In the
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Netherlands, more than 5.6 million tonnes of the household waste
was incinerated inwaste-to-energy plants in 2016, which represent
an increase of 76% as compared to the waste incinerated in 2010
(Eurostat, 2019). The recycling of bottom ash (BA), which is a major
by-product of incineration, is encouraged by the zero waste pro-
gram of the EU Commision (2014). With exception of a few high-
end applications, e.g., synthesis of silica (Alam et al., 2019a), zeo-
lites (Chiang et al., 2014), BA is mainly used as a secondary raw
material in the building materials industry (Caprai et al., 2018;
Norgaard et al., 2019). However, the content of chlorides in BA is the
major challenge for their reuse in building materials. The chloride
content is strictly regulated for secondary building materials
because they are considered harmful for both the environment and
concrete structures (Soil Quality Decree, 2013), because of their
ability to increase the corrosion of the steel reinforcements (Lynn
et al., 2016). Therefore, before the application of BA as a building
material, the chloride content needs to be lowered via pre-
treatments.

In MSWI bottom ash, the content of chlorides varies from 0.2 to
5wt% (Yang et al., 2014). However, in order to use these ashes as
aggregate in non-shaped building materials, a leachable chloride
content of less than 0.06 wt% is required (Soil Quality Decree, 2013).
To reduce Cl� content washing and thermal treatments are
employed (Chandler et al., 1997). Thermal treatments are less
frequently applied because they require high temperatures of
above 500 �C (Chen et al., 2012; Li et al., 2014). On the other hand,
treatments based on the wet-extraction of Cl� are more effective
and economically feasible (Zhu et al., 2010). Therefore, washing
treatments to reduce the content of chlorides from incineration
residues have been extensively investigated (Alam et al., 2017;
Boghetich et al., 2005; Yang et al., 2012). The dissolution of chlo-
rides during the washing treatments depends upon their chemical
nature and wet-extraction of Cl� is only effective for removing fully
and sparingly soluble chloride species. Therefore multiple washing
steps are often required to reduce the content of chlorides below
the permissible regulatory limits (Soil Quality Decree, 2013).
Moreover, the chemical speciation of chlorides is rarely investi-
gated and often only X-ray diffraction data is used for identification
of the chloride salts. The chemical form of the Cl� in the ash is
indicated to be halite (NaCl) and sylvite (KCl) via qualitative powder
X-ray diffraction (Inkaew et al., 2016; Kowalski et al., 2017; Yu et al.,
2013). However, BA has a complex mineral composition and the
diffraction patterns of the minerals often overlap, thus making the
qualitative/quantitative analysis of X-ray diffraction data chal-
lenging. Specifically, diffraction patterns of the alkali salts partially
overlap with ettringite or melilite and both of these minerals are
frequently found in MSWI bottom ash (Alam et al., 2019c; Yang
et al., 2014). The leaching behavior of chlorides from BA indicates
that in addition to the highly soluble alkali salts other sparingly
soluble mineral phases containing chlorides such as Friedel salt
(Yang et al., 2014; Yao et al., 2015) are also present. During the
washing experiments, the release of the chlorides is often reported
to increase with the volume of washing water (Alam et al., 2017;
Boghetich et al., 2005; del Valle-Zerme~no et al., 2014; Yang et al.,
2012), which is contrary to the leaching behavior of the alkali
salts that are highly soluble (e.g., the solubility of NaCl in water:
340 g/L at 25 �C). The leaching of chlorides from BA is primarily
considered to be controlled by a diffusion process due to the high
solubility of alkali salts in aqueous media (Sabbas et al., 2003). In
doing so, the role of other BA mineral phases in immobilizing the
chloride ions (via sorption/incorporation) is often overlooked.
Therefore, understanding the chemical nature of chlorides and
their leaching mechanism is of crucial importance in order to
design efficient washing treatments requiring less amount of water
and shorter treatment times.
In this study, the chemical nature, distribution and leaching

behavior of chlorides are investigated and the role of mineral and
amorphous phases from MSWI bottom ash in immobilizing chlo-
rides (co-precipitation/sorption) is illustrated. The mineral
composition of BA is determinedwith quantitative XRD via Rietveld
method. Microanalysis (SEM/EDX) is used to quantify the content of
chlorides associated with the various phases. The chemical speci-
ation is also studied with X-ray photoelectron spectroscopy (XPS).
The speciation data of chloride is complemented with the real-time
leaching profiles measured with a chloride-ion specific electrode.
From these experiments, the leaching behavior of chloride from
MSWI bottom ash is reported.

2. Materials and methods

2.1. Materials

Bottom ash with the particle size below 4mm was provided by
Heros Sluiskil, the Netherlands. This particle size range of BA was
selected because it contains a high content of chlorides as compare
to bigger particles (Alam et al., 2016; Tang et al., 2015; Yang et al.,
2014) and therefore considered most problematic. The as-
received sample of BA was further separated based on particle
size into three fractions, namely: S (�0.125mm), M (0.125e1mm)
and L (1e4mm) by using conventional sieving according to DIN EN
933-1.

2.2. Chemical analyses

The overall chemical composition of the BA fractions was
determined with the X-ray fluorescence spectrometer (XRF; PAN-
alytical Epsilon 3) by measuring fused beads. The sample of BAwas
ignited at 1000 �C to for the loss on ignition (LOI) and subsequently,
the part of the residues was mixed with flux (Li2BO7 and LiBO4) and
non-wetting agent (LiBr). The mixture was melted at 1100 �C in a
fluxer over (classisse leNeo) and then cast to obtained glassy fused
bead for the XRF analysis.

The quantification of mineral phases was performed with
quantitative X-ray diffraction (XRD) via Rietveld refinement. The
sample for analysis was prepared by adding 10 wt% of Si as an in-
ternal standard. The XRD patterns were measured with Bruker D2
diffractometer equipped with Co as a radiation source, LynxEye
detector, divergence and soller slits of 0.2� and 2.5�, respectively.
The quantification of mineral phases was performed with the
TOPAS 4.2 software (Coelho, 2018).

Polished cross-sections of bottom ash fractions were prepared
for the scanning electron microscope (SEM; JEOL JSM-7001F) im-
aging and energy dispersive X-ray spectroscopy (EDX; Thermo
Fisher Scientific). The samples for these measurements are pre-
pared in the absence of water to avoid dissolution of chlorides. The
processing of the spectral imaging datasets was performedwith the
PhAse Recognition and Characterization (PARC) software (Alam
et al., 2019c; van Hoek et al., 2016, 2011). Furthermore, the chem-
ical speciation of chlorides was determined with X-ray photon
spectroscopy (XPS; Thermo Scientific K-Alpha). The S fraction was
used for the qualitative analysis of chlorides because it contained
the highest content of chlorides. Furthermore, the chloride content
in all the fractions of BA was quantified with instrumental neutron
activation analysis (INAA) (Alam et al., 2017).

2.3. Chloride ion specific electrode

The leaching of chlorides from the bottom ash fractions was
measured with the help of a solid-state chloride ion specific



Table 2
Mineralogical composition (wt.%) of the size-separated bottom ash fractions, BA-S
(�125 mm), BA-M (0.125e1mm) and BA-L (1e4mm)measured via quantitative XRD.

Minerals (wt.%) BA-S BA-M BA-L

Apatite 5.2 6.8 6.2
Calcite 25.6 14.8 10.8
Chabazite 2.1 e e

Ettringite 4.1 e e

Gypsum 5.4 e e

Halite 0.7 0.8 0.7
Hematite 2.2 3.8 4.0
Melilite 3.0 4.4 5.3
Plagioclase 3.9 5.3 6.3
Pyroxene 1.3 3.5 5.4
Quartz 6.6 15.7 9.3
Rutile 1.0 1.2 1.4
Spinel 3.8 8.1 10.5
Wuestite e 1.4 1.7
Amorphous 34.9 34.2 38.4
Sum 100 100 100
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electrode (ISE) attached to a Metrohm 785 DMP Titrino. The mea-
surement setup was equipped with the reference electrode and a
temperature sensor (Pt1000, Metrohm). A standard solutions of
sodium chloride with the concentration ranging from 0.01 to
0.21M were used for the calibration of the electrode. Additionally,
2 vol% of 5M NaNO3 was added to the standard solutions as a total
ionic strength adjustment buffer. In Fig. A1 (Appendix A) the cali-
bration curves of ISE are given, which show the measured points as
a function of the logarithm of chloride ions activity.

For the measurement, a sample of BA was added to deionized
water with a liquid-to-solid (L/S) ratio of 3. Afterwards the mixture
was stirred for 30 s and subsequently electrodes and temperature
sensor were dipped in the mixture. For all experiments, the same
protocol was followed. The chloride ions activity was measured for
at least 80 h and the data points were collected with two different
intervals. For the first 2 h, one set of data points was measured with
an interval of 30 s and afterwards, another set of data points was
collected every 20min. Once the measurements were finished, an
aliquot of liquid was collected from the container and the chloride
content was measured with ion-chromatography. Before every
analysis, the electrode was cleaned and calibrated to take into ac-
count the effect of ageing and hysteresis. Subsequently, the cali-
bration was used for the determination of the chloride
concentration.

2.4. Ion chromatography

An ion chromatograph (Thermo scientific Dionex 1100) equip-
ped with ion exchange column AS9-HS (2� 250mm) was used.
Na2CO3 solution (9mM) was used as an eluent and chlorides ions
were detected with the electrolytically regenerated suppressor
(Thermo scientific Diones AERS 500, 2mm). The contents of the
chlorides measured with IC were compared with the chloride
content obtained from ISE. The comparison was performed to
ensure the accuracy of the results and correct for the possible drift
in the signal of chloride ion-specific electrode.

3. Results and discussion

3.1. Characterization of bottom ash

The chemical composition of the BA fractions is provided in
Table 1. The major oxides are CaO, SiO2, Al2O3 and Fe2O3 repre-
senting between 60 and 80wt% of the chemical composition of all
three fractions. The minor elements in BA are Cu, Zn, Cr, Sb, Mo, Co
and Ni, etc., andmake up about 1.5e2.0wt% alongwith 1.5e5.0wt%
of chlorides and sulfates, depending on the size fraction of BA. The
content of chloride increases with the decrease in the particle size
of bottom ash; a similiar trend for is already reported in the liter-
ature (Caviglia et al., 2019; Yang et al., 2014). The highest chloride
content (1.2wt%) was observed in the BA-S fraction.

In Table 2, the mineral phases present in the BA fractions and
their quantification is provided. These minerals are categorized as
residual, incineration or weathering phases based on their origin/
source. The residual phases (e.g., quartz, apatite) are present
Table 1
Chemical composition (in wt.%) of the three bottom ash fractions separated based on par
XRF. R.O.: Remaining oxides, LOI: Loss on ignition at 1000 �C.

(wt.%) CaO SiO2 Al2O3 Fe2O3 SO3 MgO P2O5 T

BA-S 25.0 19.5 12.6 6.3 3.7 1.7 1.6 1
BA-M 17.4 36.9 10.9 12.6 1.0 1.7 1.4 1
BA-L 18.7 37.2 11.7 14.4 0.9 2.6 1.6 1

a The content of chlorides is measured with the instrumental neutron activation analy
already in the original waste feed and remain unaffected by the
incineration. The incineration phases are formed under the incin-
eration conditions such as melilite, pyroxene and iron oxides.
Lastly, the weathering phases are the product of water-quenching
and carbonation processes and include calcite, ettringite, and
gypsum. The BA-M and BA-L fractions are similar to each other in
their mineral composition. However, the smallest fraction, BA-S,
shows a different composition as compared to the rest of the
fractions. The BA-S fraction is enriched with theweathering phases,
i.e., calcite, ettringite and gypsum (Alam et al., 2019c).

The only chloride-containing mineral identified in the BA frac-
tions is halite (NaCl) and its content ranged between 0.7 and 0.8wt
%. The halite content in the BA-L, BA-M and BA-S fractions accounts
for 36%, 53% and 61% of the total chloride, respectively. The XRD
data of the bottom ash fractions only provides information about
the well crystalline chloride salts, i.e., halite. The rest of the chlo-
rides are either in amorphous form or associated with other min-
eral phases of BA. For this reason microanalysis was performed, to
investigate the distribution and interactions (via sorption/incor-
poration) of chlorides with the BA phases.
3.2. Chemical nature and distribution of chlorides

The distribution of the chlorides in the matrix of BA is an
important factor for determining their mobility during leaching. An
SEM image of the polished section of the original BAwith a particle
size below 4mm is provided in Fig. 1a. In this sample, the presence
of metallic particles, a residual phase (quartz) and incineration slag
is observed. The particles of BA are covered with the slag that is
produced during the incineration. A chlorine map (measured via
EDX) showing the distribution of the anion in the original as
received BA fraction (�4mm) is given in Fig. 1b. The majority of the
chlorides are coating the particle surface just like the incineration
slag. The inner core of the particles does not contain chlorides
(except the particle present on the lower left of Fig. 1b.) that ensure
ticle size, BA-S (�125 mm), BA-M (0.125e1mm) and BA-L (1e4mm) measured with

iO2 ZnO K2O Sb2O3 CuO R.O. LOI Cla

.4 0.8 0.5 0.3 0.2 0.5 25.8 1.19± 0.13

.3 0.6 0.9 0.1 0.4 0.5 14.3 0.85± 0.10

.3 0.6 1.2 0.1 0.3 0.5 8.7 0.65± 0.05

sis.



Fig. 1. a) SEM image of the polished sample of the original bottom ash fraction (�4mm), b) EDX map of chlorides for the original BA fraction, c) SEM image for the BA-S fraction
(�0.125mm) and d) chloride mapping of BA-S. The numbered areas on the SEM images are 1 emetallic particles, 2 e incineration slag, 3 e precursor phases, 4 e hydrous Al-oxides,
5 e MCA-Cl, 6 e C3A4 and 7 e ettringite.
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the maximum contact with the water during leaching.
An SEM image of the polished sample of BA-S (125 mm) and its

respective chlorine map is provided in Fig. 1c and d. The BA-S
fraction is chosen for the chlorine mapping because it contains
the highest content of chlorides as compared to rest of the fractions.
Moreover, only one-third of the chlorides in this fraction are pre-
sent as halite, which provides an opportunity to study the other
chloride-rich mineral phases of BA. Unlike the original fraction of
BA (�4mm) in which chlorides are coating the particle surface, in
BA-S the chlorides are present throughout the particles and there is
no distinction between an outer layer and a core. Several chloride-
rich areas are observed in Fig. 1c and they were numbered 4e7. The
chemical composition of these areas was analyzed to illustrate the
association between chlorides and mineral phases of BA.

The chemical composition of the chloride-rich phases from the
BA-S fraction is obtained with PARC (PhAse Recognition and
Characterization) analysis (Alam et al., 2019c; van Hoek et al., 2016).
The summed EDX spectra of these phases are provided in Fig. 2 and
their respective chemical composition is given in Table 3. The
majority of the chloride-rich phases are produced during either
incineration or weathering processes. These phases were named as
a mineral if their composition matched with the mineral identified
via XRD. If the composition does not correspond with any mineral
observed with XRD, then theywere named according to the cement
chemistry notation based on the ratio of their major elements.

The chloride-rich mineral phases from BA include hydrous Al-
oxides, C3A4 (calcium aluminate), MCA-Cl (unspecified phase rich
in Mg, Ca, Al and Cl), ettringite and melilite (incineration slag). The
presence of hydrous metallic oxides of aluminium and iron and
their role in the leaching of heavy metals is frequently reported in
the literature (Jeannet A. Meima and Comans, 1998). However, their
role with respect to the leaching of chlorides is often overlooked.
The hydrous Al-oxide (74wt% Al2O3) from the BA-S fraction con-
tains 3.2 wt% Cl. These hydrous oxides can immobilize chloride ions
from their surrounding via sorption. Other phases, such as ettrin-
gite and C4A3 contain 2.1 and 1.4wt% of chlorides, respectively. The
C4A3 phase is the decomposition product of monosulfate, which is
formed because of the carbonation of the ettringite originating
from the hydration of C3A (tricalcium aluminate) (Norgaard et al.,
2019). C3A is formed during incineration of MSW and its hydra-
tion takes place when the ash is water-quenched (Inkaew et al.,
2016), as explained in Section 4.3.2. Ettringite is a well-known
weathering phase that is formed in BA with the general chemical
formula of X6 [Y2(OH)12$24H2O] [T3$nH2O]. The T-position is
typically occupied by sulfates, but can also accommodate chloride
ions (Gougar et al., 1996). Furthermore, the chemical composition
of ettringite given in Table 3 shows 5.3wt% of SiO2. It could be
either incorporated in the crystal structure at the Y-position or just
physically intermixed. The incineration slag produced during the
incineration of municipal solid waste contains 1.3wt% of chlorides.
The mineral phase with the highest content of chlorides (11.5wt%)
is MCA-Cl. The major elements in this phase are Mg, Ca, and Al and
its stoichiometry does not correspond with any mineral identified
with XRD, indicating its amorphous nature.

Themost abundant form of chloride in all three fractions of BA is
halite (NaCl), as determined via quantitative XRD. The XPS spec-
trum of Cl 2p from the BA-S fraction of bottom ash is provided in
Fig. 3. The spectrum shows the binding energy for Cl 2p3/2 at
197.9 eV and a shoulder for Cl 2p1/2 at 199.5 eV from the spin-orbit
splitting of the 2p level. The binding energy of the Cl 2p3/2 bound in
the sodium chloride state is reported to be at 198 eV (Wagner et al.,
1995). The presence of a similar peak for the binding energy of Cl
2p3/2 in BA-S confirms the existence of sodium chloride in MSWI
bottom ash as indicated by the X-ray diffraction data.



Fig. 2. Summed EDX spectra for phases (C4A3, hydrous Al-oxides, ettringite and MCA-Cl) from the BA-S fraction of bottom ash (�125 mm) obtained via PARC (PhAse Recognition and
Characterization) software.

Table 3
The chemical composition of the chloride-rich phases obtained via summed EDX
spectra processed via the PARC software. C4A3, MCA-Cl: unspecified chloride rich
phase. The chloride content is relative to the composition of the phase.

Phase Hydrous
Al-oxides

C4A3 MCA-Cl Ettringite Melilite

Al2O3 74.2 30.3 10.9 17.5 18.1
CaO 8.0 49.0 31.1 41.4 33.2
Cl 3.2 2.1 11.5 1.4 1.3
FeO 0.7 1.3 1.4 0.9 5.9
K2O 0.7 0.6 0.4 0.5 1.0
MgO 0.1 0.6 31.2 0.2 2.4
Na2O 1.9 1.4 0.7 0.9 2.4
P2O5 1.1 0.7 0.9 0.1 1.5
SiO2 2.8 5.3 5.6 5.1 28.4
SO3 5.5 6.3 1.6 30.9 3.1
Others 1.7 2.3 4.7 1.2 2.8

Fig. 3. X-ray photoelectron spectrum is showing the binding energy for Cl 2p from the
BA-S (�125 mm) fraction of bottom ash.
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3.3. Dissolution behavior of chlorides

The dissolution behavior of chlorides from the size-separated
fractions, BA-M (0.125e1mm) and BA-S (�0.125mm) was moni-
tored and real-time leaching profiles of chloride are provided in
Fig. 4. These profiles were measured with a liquid-to-solid (L/S)
ratio of three at 20 �C. The mineral composition of the BA-M frac-
tion is similar to BA-L. Therefore, only data from the BA-M fraction
is discussed. Upon contact with water, approximately 12.5% of
chlorides are released in water immediately (see Fig. 4a). The
leaching of chlorides from the BA-M fraction increases with time
and reaches a plateau at around 60 h. It is important to note that the
mixture was left undisturbed to avoid unnecessary interferences
with the ISE. The content of chloride bound in the form of halite in
the BA-M fraction is 53% and the total content of chloride dissolved
after 80 h is 57%. The real-time dissolution profile of chloride from
the BA-M fraction confirms that the major soluble chloride is halite
(NaCl) and its release in an aqueousmedium is diffusion-controlled.
The rest of the chlorides account for 43% and are immobilized in
mineral phases of BA via both sorption or crystal structure incor-
poration and their release depends on the reactivity of those pha-
ses. Due to the high water adsorption capacity of BA (Caprai et al.,
2019), it will retain a part of the chloride-containing washing



Fig. 4. The real-time dissolution profiles of chlorides from the two fraction of bottom ash, a) BA-M (0.125e1mm) and b) BA-S (�0.125mm). The yellow dot shows the chloride
content determined via IC at the end of the experiment. Each curve contained more than 750 data points obtained via chloride ions specific electrode with a liquid-to-solid ratio of
three (L/S¼ 3) at 20 �C. (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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water during the separation. In the literature, multiple washing
steps are frequently reported to obtain higher extraction efficiency
of chlorides (Alam et al., 2017; Yang et al., 2012). Initially, the first
washing step extracts highly soluble Cl� (physisorbed/halite) and
this step is diffusion controlled. Subsequent washing steps remove
residual soluble chlorides as well as chlorides that are associated
with mineral phases with low solubilities, such as incineration slag
and ettringite. The release of chlorides after the first washing step is
mainly reaction controlled. Therefore, multiple-step washing
treatments with lower liquid-to-solid ratio are more effective
(Alam et al., 2017) in removing Cl� because the initial step extracts
highly soluble, physisorbed chloride species and subsequent
washing steps can remove sparingly soluble chlorides that are
associated with the mineral phases of BA.

The chloride dissolution profile from the BA-S fraction
(�0.125mm) is provided in Fig. 4b. The dissolution behavior of
chlorides from this fraction is different as compared to the BA-M
fraction. More than 28% of the chlorides are dissolved within the
first hour. The chloride content in the form of halite in this fraction
accounts for 36% and their release fast primarily due to the higher
surface area of the ash particles (32m2/g, measured with nitrogen
physisorption) and the lack of a rim/core structure of particles. In
addition to that, the BA-S fraction contain other chlorides-
containing phases such as hydrous Al-oxides (see Table 3). These
hydrous oxides physisorbed Cl�, which are released in an aqueous
medium. After 20 h, a dip in the concentration of the chlorides was
observed. The decomposition of weathering phases such as
ettringite, gypsum and hydration products occur in an aqueous
environment (Alam et al., 2019b, 2017) and that could lead to the
temporary immobilization of chlorides via physisorption. After-
wards, the chloride content in water increases steadily and reaches
a plateau at around 60 h. In the case of BA-S, the chloride leaching
in early stages is because of the dissolution of halite and release of
physisorbed chlorides (from hydrous metal oxides). Once highly
soluble and physisorbed chlorides are in the solution, the release of
chlorides depends on the dissolution of weathering and incinera-
tion phases. Almost two-thirds of chlorides in this fraction are
immobilized by mineral phases (e.g., melilite, ettringite) of BA and
their release is controlled by the reactivity of these chloride-
containing minerals.
4. Conclusions

The chemical nature of the chlorides and their dissolution
behavior from size-separated MSWI bottom fraction is systemati-
cally investigated with multiple analytical tools and the key finding
are as follows:

� Size-separated fraction of bottom ash; namely, BA-S
(�0.125mm), BA-M (0.125e1mm) and BA-L (1e4mm) con-
tained halite (NaCl) which accounted for 62%, 53% and 36% of
the total chlorides, respectively.

� In the coarser BA fractions, chlorides are mainly present in a
surface layer, which is coating the BA particles, while the core of
these particles does not contain any chloride. Only in the case of
fines (�0.125mm), are the chlorides dispersed throughout the
particles.

� The main chloride-containing phases in BA-S besides halite are
hydrous Al-oxides, ettringite, decomposed hydration products
(C3A4) with 3.2%, 1.4%, and 2.1% of chlorides, respectively.

� The dissolution of chlorides from theMSWI bottom ash is both a
diffusion and reaction controlled process. Initially, most soluble
chloride species (e.g., halite) and physisorbed chlorides (espe-
cially on hydrous metal chlorides) are dissolved, which can be
classified as diffusion-controlled leaching. Afterwards, the
chloride release depends on the solubilities/decomposition re-
actions of the weathering phases and incineration slag (given in
order of decreasing reactivity).
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