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Abstract

Purpose The water-based cooldown process (quenching) of Municipal Solid Waste Incineration Bottom Ash (MSWI BA)
after incineration may adversely affect its leaching by forming a highly contaminated quench layer on BA particles. A model
is proposed to rapidly estimate the leaching of potentially toxic elements from this MSWI BA quench layer.

Methods The semi-empirical model is based on calculating the quench-layer-to-core ratio for size fractions for the particle
size range from < 63 pm to>22.4 mm and building leaching profiles for each element. A particle core and quench layer get
assigned contribution values based on only two experimental points: leaching data for the largest (the minimum role of the
quench layer) and smallest (quench layer domination) fractions of the test sample.

Results The calculated leaching profiles for major anions, alkali and alkaline-earth metals, and copper for a set of 18 nar-
row fractions demonstrate good leaching prediction, the underestimation error is —(10-20)%. For Ba, Sr, and Sb, the model
provides a satisfactory error of 30% mainly due to contribution of core leaching; for Ni, Mn, and Zn, > 50%.

Conclusion Adequate modelling for most elements shows that, despite MSWI BA complexity, a simple semi-empirical
model can predict the leaching behavior using a limited experimental dataset and supports the assumption of quench layer
contribution to the total MSWI BA leaching.
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Introduction

Municipal Solid Waste Incineration Bottom Ash (MSWI
BA) is one of the byproducts of the incineration process to
reduce the volume and mass of household waste [1]. From
circular-economy and environmental viewpoints, the recy-
cling of MSWI BA is a relevant task. In the last decades,
extensive research has dealt with various aspects of MSWI
BA analysis and characterization [2-8], treatments [2-5,
9-11], and applications [1, 3-5, 9, 12, 13]. Specifically,
numerous studies have focused on the leaching behavior of
potentially toxic elements (PTEs), factors affecting it, and
mitigating approaches [5, 12, 14-18]. In addition, quite a
few studies have focused on the physical, chemical, min-
eralogical, and morphological properties of MSWI BA
[4, 7, 19-25]. Over the years, many treatments have been
suggested to minimize the adverse effects of this material
if it is recycled as aggregates, road-base materials (coarse
fractions) or cement replacement (fine fractions), such as
thermal treatment, metal extraction to reduce the leaching,
particle size separation, carbonation, etc. [10, 26-30].

It is challenging to reuse not only coarse fractions of
MSWI BA but also fine fractions, which are more contami-
nated [4, 31] though have potential as a cement replace-
ment [4, 22, 28-30, 32]. At the same time, PTE leaching
remains one of the most acute challenges due to the high
cost of treatments such as washing or sintering and some-
times limited effectiveness [33-35].

MSWI BA is highly inhomogeneous consisting of vari-
ous types of matter, including rocks, glass, metal, unburned
organic material, and incineration and weathering products
[21, 36]. The composition of this incineration product is
affected by the starting composition of the household waste,
incineration conditions, and the cooling process [22, 31,
37, 38]. Most commonly, hot MSWI BA is cooled down by
water quenching after incineration [31, 37]. Many changes
occur to MSWI BA during this procedure due to dissolution,
precipitation, and the reaction of salts and minerals and their
reabsorption by newly forming structures [21]. The quench-
ing process results in a somewhat unstable quench prod-
uct layer containing or encapsulating PTEs and, has high
to moderate concentrations of salts, particularly, chloride,
sometimes from the quenching solution, and ash particles
formed during incineration [31, 39, 40]. Thus, quenched
MSWI BA particles above a size of ca. 250 um typically
contain a solid core covered with this quench product layer
with fine particles interspersed with newly formed hydrates,
mainly calcium silicate hydrates (CSH) [33, 40, 41]. BA par-
ticles below this size tend to consist primarily of this quench
layer (as large particles barely participate in the formation
of the quench products) [31, 37]. This means the finer the
fraction, the more contaminated it is.
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Several Ca-based minerals are formed only at the quench-
ing stage, which can incorporate and immobilize PTEs. The
literature mainly focuses on the behavior of chloride in this
layer, as it tends to be the element leaching at the highest
concentrations [6, 42]. The mineral crucial for chloride
immobilization is Friedel’s salt, 3Ca0O-Al,05-CaCl,-10H,0,
which only forms during quenching and cannot be removed
easily (even by thermal treatment at 1000 °C) [39]. It is con-
sidered the primary host of the insoluble chlorine in MSWI
BA. Yang et al. also demonstrated that the quench products
are the primary source of chlorine leaching in MSWI BA,
resulting from the entrapment of tiny particles rich in CI
during the layer formation, found by SEM-EDX mapping
analysis [39]. Inkaew et al. reproduced the quenching pro-
cess under laboratory conditions to investigate its formation
in-depth [31]. They showed that MSWI BA changes dramati-
cally after quenching due to the formation of amorphous and
microcrystalline CSH phases [23] and that the formation of
the quench layer is governed by the presence of fine particles
(<425 pm). Due to their chemical composition, those parti-
cles aid the formation of the quench layer, and if separated
from the coarser fraction before the quenching procedure,
almost no layer is formed. They also found that the quench
layer is approximately 0.01-1 mm thick (for particles of a
size of 2 to 4 mm) [31]. Additionally, quenching water raised
some concern as an apparent secondary origin of chloride
in MSWI BA [42].

For the range of elements including PTEs, the literature
body on the role the quench layer of MSWI BA in leach-
ing and potential use of the quenched material is relatively
scarce [4, 6, 31, 37]. Apart from the above-mentioned stud-
ies of quench-layer reproduction [31, 40], only limited infor-
mation is available about other elements such as Cu, Zn, Ni,
Cr, Sb, etc. [25, 43]. It was discovered that slow and soft
milling performed on the MSWI BA fraction of 0.125-3 mm
increasing the leaching of the material by removing fine
contaminated particles from the quench layer and releasing
the soluble salts attached to CSH [4]. This suggests that the
quench layer might be responsible for leaching from MSWI
BA to a great extent and should be studied further to under-
stand its influence [4, 6, 37]. It might also be a key to esti-
mating the leaching potential of MSWI BA and optimizing
leaching-reducing treatments such as grinding or washing.

From a broader viewpoint of MSWI BA modelling,
the existing models of MSWI, including MSWI BA, are
numerous but mainly focused on the residue composition
or environmental impact [9, 24, 44-46], especially on the
impact related to the incineration process itself [47, 48].
Other studies are based on chemical-equilibria models [5,
12, 15] or geological models [9, 45, 46] and related to how
the leaching of hazardous metals is affected by pH during
long-term aging (weathering, carbonation, etc.) [49-51].
Also, numerical models of leaching are proposed, e.g. Park
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and Batchelor made a multi-component numerical leaching
model and showed its potential to improve or substitute for
a standard leaching test [52]. Also, Dijkstra et al. used a
pH-dependent computer model to predict the PTE leaching
from MSWI BA with an accuracy of approximately an order
of magnitude [15, 53]. Later, a multisurface geochemical
model was developed to predict the simultaneous leaching
of a range of elements from BA [54].

However, these models did not usually examine the
quench layer but rather consider the whole composition of
MSWI BA as a source of leaching. Moreover, usually build-
ing a model pursues a goal of demonstrating the adverse
effects of the quench layer, which generally require in-depth
knowledge about MSWI BA mineralogy that is complex and
difficult to assess. They are therefore hard to use in practice
to estimate leaching behavior of a generic BA batch. Thus,
the approach to study the influence of the quench layer may
be modeling based on experimental leaching data. In the
previous study [25], certain similar S-shaped leaching pat-
terns were obtained for multiple elements, yet the leaching
data did not correlate with the specific surface area or the
particle size. There was also no correlation found between
the total content of the element in MSWI BA and its leach-
able amount. Because the acidity of the studied leachates
varied only within pH 8.8-9.2, this parameter also could
not justify the difference in the leaching among different
particle-size fractions.

In this paper, a semi-empirical leaching model is pro-
posed to demonstrate the viability of the hypothesis that the
quench layer is seriously responsible for the leaching of cer-
tain elements [4] and can be used to estimate the leaching of
MSWI BA for these elements and total leaching. The second
aim was to demonstrate a potential link between the presence
of the quench layer on MSWI BA particles and leaching
and to evaluate the severity of the quenching problem and
demonstrate that this way of handling MSWI BA prevents
it from being easily transformed into a secondary material
and requires several decontamination steps.

Materials and Methods
Samples and Instrumentation

The untreated (unwashed) but water-quenched (immersion
of hot material into the quenching filtered tap water) and
weathered MSWI BA was supplied by the municipal solid
waste-to-energy incinerator plant of Mineralz (Duiven, the
Netherlands), where they underwent the standard wash-
ing and ferrous and non-ferrous metal removal process.
The material had been stored for 3 months after produc-
tion, prior to the study. Two different batches (particle size
range 0-22.4 mm, 15 kg each set) from the same furnace

collected at the same time were used. The analyzed MSWI
BA samples were initially pre-crushed at the plant to remove
cemented matter and metals. Three replicate measurements
were used for each leaching test.

Further, the material was oven-dried (105 °C; a UF 260
drying oven, Memmert GmbH, Germany) to a constant
mass. Next, each set was sieved into 18 size fractions (sieve
size: 63, 90, 125, 180, 250, 355, 500, and 710 um, and 1.0,
1.4,2.0,28,4.0,5.6, 8.0, 11.2, and 22.4 mm) according to
EN 933-1 (2012) and EN 933-2 (1995); all the sizes were
representative to make microelement and anion analysis.
Median particle size and specific densities for each sieve
fraction as well as the pH of the leachate after the stand-
ard leaching test (BS EN 12457-4:2002) are summarized
in Table 1. All the particles of a size fraction are given an
average size, which is the arithmetic mean, median, of the
minimum and maximum sizes of this fraction (e.g., a frac-
tion named «180 pm» shows the largest size and has a range
from 125 to 180 um, and therefore the median, is 152.5 pm,
Table 1). This median value was used as the particle charac-
teristic size for the model to build numerical plots.

Each fraction of both sets was divided with sample split-
ters (15-D0438 riffle boxes, CONTROLs Group) into 4
parts, 3 of which were used for the standard leaching test
by BS EN 12457-4:2002, 24 h shaking, L/S 10, 200 rpm
on an SM-30 shaking table (Edmund Biihler GmbH). After
the test, the leachates were filtered through 0.2-um filters to
prepare solutions for ion chromatography and inductively
coupled plasma optical emission spectroscopy (ICP-OES,

Table 1 Parameters of the used MSWI BA sieved fractions

Sieve size Median particle Specific density ~ pH
size (g/cm3)

um 63 31 2.6 8.9
90 77 2.6 8.9
125 108 2.7 8.8
180 153 2.7 8.8
250 215 2.7 8.8
355 302 2.7 8.8
500 427 2.7 8.8
710 605 2.7 8.9
1000 855 2.8 8.9

mm 1.4 1.2 2.9 9.1
2.0 1.7 2.8 9.1
2.8 2.4 29 9
4.0 34 2.8 9.2
5.6 4.8 2.8 9.1
8.0 6.8 2.7 9.1
11.2 9.6 2.7 9.1
22.4 16.8 2.8 9.1
31 224 2.9 9.2
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for the latter, filtrates were stabilized with nitric acid). A
chamber furnace (Thermo Scientific Heraeus K 114) was
used for loss on ignition (LOI) at 550 °C [25].

Further microelement analyses (Na, K, Mg, Ca, Sr, Ba,
Cu, Mn, Ni, Zn, Sb, Cr, Pb, Sn, Ti, V, Si, and S) were per-
formed by an ICP-OES 5100 SVDV spectrometer (Agilent
Technologies, USA). Chloride and sulfate were determined
by ion chromatography, a Thermo Scientific Dionex 1100
ion chromatograph. Specific densities of dried samples were
measured by a Helium AccuPyc II 1340 pycnometer. Other
details of ICP-OES and ion-chromatographic analysis are
given in [25].

Model Concept and Assumptions

The leaching of the finest fraction (<63 um) was taken as
responsible for the leaching of the quench layer, because
it can be assumed to consist mostly of broken-off quench
product [4, 31]. The largest fraction is the least affected by
the presence of quench products [4]; therefore, its leach-
ing value was used as the background leaching of the core
material. Two parameters are needed to calculate the mod-
elled total leaching value (L,,,): ratios of R, =V,/V,
and R, =V,/ Vp for each fraction, where Vq, V., and Vp are
volumes of the quench layer, core, and the whole particle,
respectively. As the core and the whole particle are assumed
to have similar round shape, R, = v/(r — K)/r and, thus,
R,=1- v/(r — K)/r. Here, r is half the particle character-
istic size d and K is the quench layer thickness. More details
on calculations are given in the Supplementary Information.

The value of K, the unified layer thickness (Fig. 1), is
selected by fitting the layer thickness to the empirically
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obtained leaching values from the previous findings [31] and
the analysis of the quench layer and is removal by washing
and grinding of the same MSWI BA product [4, 22, 25]. The
result is 20 um, which gives the best fit for all elements, and
which is subsequently used for the second, validation data
set. The values for the quench layer thickness suggested by
the literature are 10—1000 pum [31], with the most character-
istic values for fine-to-medium particle sizes of 10-50 pm [4,
31], which agrees well with the layer selection of the present
model by the leaching values.

Further, each R, was normalized to the R, value of the
finest fraction (R’ q), and the same was done to R, but to the
core value of the largest fraction (R’,). This way, the range
of values was obtained for each fraction indicating how the
percentage of the quench layer compared to the core changes
depending on the particle size. Because the ratio between the
leaching volume and the core decreases with increasing par-
ticle size, the leaching of the largest fraction is lowest. The
model applies the ratios of the quench part (leaching of the
most contaminated, fine fraction) and the core (leaching of
the least contaminated, coarse fraction) to the total volume
of the particle for each fraction.

Leaching Estimation

The model predicts the leaching value for a certain element
of a target fraction as:

Ly =R/qu+R'CLZ 1)

Here, Ly is the leaching value for the target fraction X;
L, and L, are experimental leaching values for the finest and

Modelled MSWI Bottom Ash particle
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Fig. 1 Schematic representation of a BA particle, “real” (left), modelled (right); d is average particle size; K represents an averaged, equal thick-
ness of the quench layer for all MSWI BA particles throughout the fractions
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Fig.2 Example of the modeled and measured leaching values (chlo-
ride). The error bars are standard deviations for each measurement
done in triplicate

largest fractions, respectively. The density of the core and
the quench layers might differ slightly, yet the data on the
specific density indicates that the difference is insignificant,
therefore the same density for the core and the quench layer
is used in this model.

For each element, Ly, Eq. (1), was calculated for each of
16 fractions other than the finest and the largest to obtain the
range of modelled leaching values, altogether for a single
element they were portrayed as a curve and compared to the
values from the experimental sets (Fig. 2 as an example).

To assess the model accuracy for each element, the sum
of the relative standard deviations (RSD) was calculated for

the data points (pairs) for all particle size fractions, obtained
in the experiment and modeled (Table 2).

Results

The concept of the proposed model is to incorporate the
relative leaching data (mg/kg) from the entire particle size-
fraction range to estimate the influence of the quench layer in
PTE leaching. The model assumes that all particles, regard-
less of their size, have a quench layer of equal thickness,
which is supported with the previous findings [4, 31]. The
model is based on the idea that leaching occurs primarily
from this quench layer, but the potential contribution to
leaching from the core is also considered. Figure 1 shows
the abstraction made from real particles of MSWI BA with
non-uniform to the model with a unified, median quench-
product layer thickness, the main assumptions made in the
model are given in Supplementary Information (Figure S1).

The main objective of this study was to demonstrate the
effect of the quench layer on the short-term leaching (24 h
shaking) through the entire range of fractions. Two sets of
the leaching data for different representative particle size
fractions, which are previously characterized by the total
composition, morphology, and leaching and are representa-
tive for this MSWI BA [4, 22, 25] are obtained, see the Sup-
plementary Information, Tables S1 and S2. The additional
sieves with the mesh sizes of 22.4 mm, 11.2 mm, 5.6 mm,
2.8 mm, 1.4 mm, 710 um, 355 ym, 180 um, and 90 um were

Table 2 Coefficients of

. > Element Building set Validation set

correlation and precision of the

proposed leaching model for R RSD sum for all Total estimation R RSD sum for all Total

test elements fractions error, % fractions estimation

error, %

Sulfate 0.98 1.23 - 8.3% 0.95 1.88 —13.8%
Chloride 0.97 0.90 - 153% 0.97 1.35 - 10.5%
Sodium 0.98 0.93 - 13.3% 0.98 0.90 - 11.2%
Potassium 0.98 1.07 -151% 0.97 0.97 - 12.7%
Magnesium 0.96 1.16 - 17.0% 0.95 1.30 - 16.8%
Calcium 0.94 1.88 -17% 0.93 222 -16.3%
Strontium 0.96 1.90 —10.4% 0.89 2.50 - 11.5%
Copper 0.96 2.07 —16.8% 0.97 2.40 - 23%
Zinc 0.89 33.6 +54.6% 0.86 74.2 +73.9%
Manganese 0.82 4.8 —35.6% 0.81 6.6 -37.1%
Barium 0.73 2.46 +29.7% 0.56 3.65 +33.2%
Antimony 0.80 0.28 - 1.8% 0.65 0.39 +1.9%
Nickel 0.39 9.68 - 71.4% 0.58 9.0 - 66.2%
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added to the standard sieve set of EN 933—1 (2012) and EN
933-2 (1995) to obtain a larger number of narrower fractions
and, thus, a better specification within the whole MSWI
BA sample. One set was used to create the model, and the
other, to validate it. A more detailed discussion of the whole
composition and leaching in the entire particle size range
of samples of this source of MSWI BA was published pre-
viously [25]. The elements with leaching concentrations
below LOQs by ICP-OES (or <0.05 mg/kg recalculated to
the sample mass) for the majority of the fractions (Co, Cr,
Mo, Pb, Sn, Cd, and V) were excluded as either not suitable
for model or providing high instrumental errors. Ti was not
considered as accumulated mainly in fly ash [11, 13] and
also showing rather negligible leaching. Leaching of Fe and
Al were also disregarded, as they do not leach significantly
from MSWI BA [25]. Thus, the leaching behavior of chlo-
ride and sulfate, Na, K, Mg, Ca, Sr, Ba, Cu, Mn, Ni, Zn, and
Sb, as well as total S and total Si, was considered as typi-
cal elements present in MSWI BA. The procedure of model
building and validation was made using Set 1 to create the
model and Set 2 to validate it and vice versa; the parameters

Chloride
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of the model curves and coefficients of correlation differ
insignificantly.

Experimental and Calculated Leaching Curves

The calculation, Eq. (1), was made for the entire set of
selected elements for 18 size fractions. Figure 1 illustrates
the graphical model representation including calculated data
points for chloride. Figures 3, 4, 5, 6, 7, 8 and Fig. S3 (the
Supplementary information) present the leaching results
from data Sets 1 (as building) and 2 (as validating) and the
modelling results. The leaching curve shape of most of the
selected elements and for total leaching agrees well with
the existing data [8, 25, 55]. The model shows a good fit for
chloride, sulfate, Na*, K*, Ca®*, Mg?*, and Sr** (Figs. 3-5),
overestimated values for Ba**, Zn** and Sb?* and underes-
timated values for Cu®* (Figs. 6 and 7), and no good fit for
Mn?** and Ni** (Fig. 8).

Table 2 presents the coefficients of correlation of model
curves, the model precision as sums of relative standard
deviations for each curve (element/ion), and overall, the
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Fig. 3 Model behavior for chloride and sulfate; Set 1 is the experimental and Set 2 is the validation sets. Data points are the measured leaching

values; gray curves are leaching values calculated based on the model
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Fig.4 Model behavior for Na and K; Set 1 is the experimental and Set 2 is the validation sets. Data points are the measured leaching values;

gray curves are leaching values calculated based on the model

leaching errors, to objectively assess the quality provided
by the model describing the leaching behavior of a par-
ticular element. It was calculated by obtaining the RSD for
all the data points of two curves (Sets 1 and 2), and then
summing them up for one element. The dependences of the
errors for modelled values on the particle size are given
in the Supplementary Information, Tables S1 and S2. The
density did not vary significantly throughout the particle
size range of the studied MSWI BA, but generally it cannot
be assumed that unprocessed MSWI BA fractions would
always have the same density due to differences in the
treatment during and after the incineration. In fact, lower
temperatures and incineration time might leave a higher
degree of unburnt organic matter, or metal extraction can
be more or less effective at different plants, therefore, it
might be considered as an additional step to include the
density correction in the calculations.

The leaching of silicate is minor (ca. 0.02-0.03% of
total Si [25]) and almost does not depend on the particle
size, Fig. S4 of the Supplementary information; only a
small increase is observed for particle sizes above 2 mm

due to the roughening in the particle shape. This could be
considered a certain proof that Si leaching goes from the
particle core, which is confirmed by the interelement cor-
relations of silicon with almost all the elements, which are
close to zero, Table S3, the Supplementary information.
The percentage of leaching compared to total contents for
all the selected elements for three coarsest fractions show
the same independence from the particle size and confirms
the previous findings of its leaching as CSH [33, 40, 41]
and indifference for untreated and washed particles [25],
which is reflected in the behavior of the leaching curves in
this study (Figs 3, 4, 5, 6, 7, 8), which can be considered
the leaching from the particle cores.

Total leaching curves, the sum of leaching for all the stud-
ied components (Fig. 9) show the least deviation from the
model as it is dominated by the maximum leaching contribu-
tions from the least deviated elements of the group of well-fit
components (Na, K, Mg, Ca, Sr, S, and Cu; sulfate and chlo-
ride). The coefficients of model correlation for total leach-
ing are 0.98-0.99. The model generally shows some small
underestimation of the total leaching of the entire range by
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Fig.5 Model behavior for Ca, Mg, and Sr; Set 1 is the experimental and Set 2 is the validation sets. Data points are the measured leaching val-
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Fig.6 Model behavior for Ba and Sb; Set 1 is the experimental and Set 2 is the validation sets. Data points are the measured leaching values;

gray curves are leaching values calculated based on the model

5-7%, which results from higher leaching of phases of sizes
of ca. 0.5 mm and 5 mm. Total leaching shown very high
correlations with leaching of all the elements of the well-fit
components.

Chloride and Sulfate

The coefficients of model correlation for both anions are in
the range of 0.95-0.98 (Table 2). The RSD sum for the Set
1 is 0.9 and for the Set 2 is 1.35 (Table 2), thus underesti-
mating the total leaching of the entire range by ca. 10-15%.
For sulfate, the RSD sum for Set 1 is 1.23 and for Set 2 is
1.88, thus underestimating the leaching of the entire range
by about 8—14%. As a whole, the model provides very good
estimation of anion leaching for the total batch and for each
fraction. The curve of sulfate (Fig. 3) is fully coincident with
the curve for total sulfur for ICP-OES, Fig. S3 and Table S3
(the Supplementary information).

For both chloride and sulfate (Fig. 3) and total sulfur
(Fig. S3), most fractions are estimated by the model fairly
accurately (RSD <0.1 for most of the fractions). The maxi-
mum underestimation, though slight, is in the range of

0.3-0.5 mm (RSD of 0.17). Similar results were observed for
the experimental and validation sets (Supplementary Infor-
mation, Figure S2). For Set 2, the least accurately described
fraction is 1.4-2.0 mm with an RSD of 0.34. For sulfate and
sulfur, the most deviating fractions are 4-10 mm with the
RSD of 0.4-0.5.

Both anions show very high interelement correlations
with all the elements of the first group (Na, K, Mg, Ca, Sr,
S, and Cu), Table S3, the Supplementary information, with
fairly high coefficients of correlations of other elements,
which could be a proof that leaching goes from the quench
layer filled with chloride and sulfate salts [6, 39, 42]. A very
good correlation with the total-leaching curve (Fig. 9) is
observed, the coefficients are over 0.99.

Sodium and Potassium

Figure 4 presents the data on alkali metals, for which the
shape of the leaching curves throughout the fraction range
was similar and correlated to anions. The coefficients of
model correlation for both sets for sodium and potassium are
0.97-0.98 (Table 2). For sodium, the RSD sum is 0.9-1.0,
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Fig.7 Model behavior for Zn and Cu; Set 1 is the experimental and Set 2 is the validation sets. Data points are the measured leaching values;

gray curves are leaching values calculated based on the model

thus underestimating the entire leaching range by about
11-13% for the whole sets; for potassium, RSDs are the
same (Table 2), and the underestimation is 13-15%.

As for anions, sodium and potassium leaching concentra-
tions are estimated fairly accurately for nearly all the frac-
tions by the model (RSD < 0.1 for most of the fraction sizes);
the most deviating fractions are 2.0-2.8 and 4.0-5.6 mm
for sodium and 4.0-5.6 mm and 5.6—8.0 mm for potassium,
RSDs are ca. 0.20. For the validation set, the same behavior
was observed, the same RSD of 0.2. As for anions, the same
slight underestimation is observed for the particle size range
of 0.3-0.7 mm for N and K, which is slightly higher com-
pared to anions. These results agree well with the literature
because sodium and potassium are mainly present in salts
with high solubility [42]. Therefore, the more soluble the
compounds for a particular element are, the better the model
is going to describe their behavior.

The interelement correlations of Na nd K are expectedly
the same as for the anions, Table S3, the Supplementary
information, with the same fairly high coefficients of cor-
relations of other elements that show higher deviations of
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the model. A very good correlation with the total-leaching
curve (Fig. 9) is observed; the coefficients are over 0.99.

Magnesium, Calcium, and Strontium

The coefficients of model correlation for the building set are
over 0.95 for magnesium, over 0.93 for calcium, and over
0.96 for strontium, which is only a bit lower than for two
main cations and anions (Table 2). The RSD sums for the
building set are 1.2—1.3 and 1.9-2.2 for Ca and Mg, respec-
tively, giving the error of —17% for both cations for both sets.
For Sr, this underestimation of the entire-range leaching for
ca. 10%, which is even better than for potassium and sodium.

For Mg and Ca, as for all cases described above, most of
the fractions are estimated fairly accurately by the model
(RSD < 0.1 for most of the data points). For Mg, the most
deviating fractions are 2.0-2.8 mm and 4.0-5.6 mm (RSD,
0.23). Compared with K and Na, the maximum error range
and the maximum error is the same. For Ca, the most deviat-
ing fractions are 0.71-1.0 mm and 4.0-5.6 mm with the RSD
of 0.30-0.45. Comparing with K and Na, the maximum error
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Fig.8 Model behavior for Mn and Ni; Set 1 is the experimental and Set 2 is the validation sets. Data points are the measured leaching values;

gray curves are leaching values calculated based on the model

range is the same but for Ca, the underestimation is higher.
For Sr, the fine-fraction range, up to 1 mm, is described well
by the model (RSD < 0.1 for most of the data points), but
larger fractions show a high deviation. Three fractions out
of 18 have the RSD in the range of 0.15-0.20, and the two
most deviating fractions are 4.0-5.6 and 8.0-11.2 mm, with
the RSD of 0.40 and 0.54, respectively.

Mg, Ca, and Sr show very high interelement correlations
between each other and with Na, K, chloride, sulfate, and
total S, Table S3, the Supplementary information, fairly high
coefficients of correlations with Sb. However, the interel-
ement correlations with Ba are rather low, and Ni shows
coefficients of correlation with Mg, Ca, and Sr. Very good
correlation with the total-leaching curve (Fig. 9) is observed;
the coefficients are over 0.98.

Barium
The behavior of barium is quite different from Mg, Ca, and

Sr. The coefficient of model correlation for Ba is the low-
est among all the alkaline-earth elements, 0.73 and 0.56 for

the building and validation sets. This results in overestimat-
ing the entire range of leaching values by about 30-33%,
which is contrary to the overall underestimation for the rest
of alkaline-earth elements and magnesium.

For individual fractions, the large-fraction range, from
1.4 mm is described well by the model (RSD <0.1 for
most of the data points), but the fine-fraction range is not
described so accurately (Fig. S2, the Supplementary infor-
mation). The two most deviating fractions are 500-710 um
and 0.71-1.0 mm with RSDs of 0.32 and 0.59, respectively.

The interelement correlations are different from all the
above elements (Table S3, the Supplementary information),
the coefficients of correlation are lower, and, as an exception,
the interelement correlation with Si leaching significantly
above zero, 0.4. This may mean that Ba leaching is not form
the quench layer mainly, and represents the core leaching,
which is confirmed by a much lower difference of the leach-
ing value for the fine and the largest fractions (Fig. 6). It is
worth noting that the coefficients of interelement correlation
of Ba with sulfate/total S for large fractions are close to —1
that means that barium is expectedly leached from the core
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not as sulfate. To the contrary, the coefficient of interelement
correlations of Ba and S for fine fractions is close to 0.7,
which probably means that Ba leaches as particulate matter,
fine particles of difficultly soluble compounds, which may
then dissolve in presence of chlorides [56].

Copper

The coefficients of correlation for Cu are over 0.96, with
the shape similar to Na, K, Mg, and Sr (Fig. 7). Also, as
for the above elements of the first group (Na, K, Mg, Ca,
Sr, and S; sulfate and chloride), the total RSD sum shows
leaching underestimation for the entire range for ca. 17%.
The fine-fraction range up to 2 mm is described well by the
model (RSD < 0.1 for most points). The two most deviating
fractions for both sets are the same, 4.0-5.6 and 5.6-8.0 mm,
RSD of 0.5-0.6 (Figure S2, the Supplementary information),
which partially coincides with other elements of the group.
However, increased amounts of copper leaching in this
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range may indicate a change in copper species, especially
less soluble oxides and silicates, as was previously shown
by XANES analysis for several BA samples [57].

Interelement correlations of Cu are very close to 1 for all
the elements of the first group (Table S3, the Supplementary
information), and there is no correlation with Si leaching.
Along with low leaching values for coarse fractions, this
may be the evidence of copper leaching from the quench
layer mainly.

Zinc

The coefficients of model correlation for Zn are above 0.86
(Table 2), which can be considered rather high; however, the
RSD sums are significantly more than for above-described
elements; for the Set 1, it is 33.6, and for the validation Set 2,
74.2. Contrary to other elements except Ba, the model results
in the overestimation of the entire-range leaching by about
55-74% as nearly all fractions deviate significantly from the
model. For the Set 1, only two points have the RSD <0.15,
and for the Set 2, five (Figure S2, Supplementary Informa-
tion). The two most deviating fractions are 1.0-1.4 mm and
0.71-1.0 mm with the RSD of 14 and 5.9, respectively. One
of the many reasons for that could be the difference of this
fraction (based on visual inspection) in comparison with the
fine fractions (looking like dark gray sand), and the coarse
fractions (particles of rocks, glass, ceramics, etc.). There-
fore, this fraction might be an outlier. Furthermore, very
little Zn leaching is observed throughout all fractions, and
for the particle size range from 1 to 22 mm, the values are
fairly similar and close to zero (Fig. 7), unlike the descend-
ing trend among large fractions, which can be observed for
elements with a good fit [58]. The metal extraction treatment
after the incineration might play a role in it.

Interelement correlations of Zn with other elements
(Table S3, the Supplementary information) show no cor-
relation with Si leaching and rather fair correlations with all
other elements (ca. 0.6-0.7).

Antimony

For antimony (Fig. 6), the coefficient of correlation for the
Set 1 is 0.8, and for the Set 2 is 0.65. The RSD sum for the
Set 1 is 0.28, and for the Set 2 is 0.39. This results in under-
estimating the entire-range leaching for about 6% for the Set
1 while overestimating for about 2% for the Set 2. For Sb,
the model describes all the fractions well (RSD <0.1 for all
the points). The situation is the same for Set 2: except one,
the most deviating fraction with the RSD of 0.13.
Interelement correlations of Sb are quite the same as for
Zn (Table S3, the Supplementary information), with one
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relevant exception, Sb leaching is inversely correlated with
Si leaching (—0.4). However, with very small changes in Si
leaching, this is probably due to a high error in assessment
of low leaching values. Without three coarsest fractions, the
coefficient of interelement correlation between Sb and Si
becomes fairly positive, 0.54, which means that Sb com-
pounds are poorly soluble and accumulated in the particle
core along with SiO,-based minerals [25].

Manganese

For Mn, the coefficients of model correlation are 0.81-0.82
(Table 2). The RSD sums are 4.8—6.6, thus underestimating
the entire-range leaching for ca. 36-37%. A fine-fraction
range (up to 355 pm) is described well, but for coarser frac-
tions, accurately estimated fractions are alternating with
significantly deviating, whereas in the range of 1-22 mm
RSD are 0.16-1.24. The two most deviating fractions are
2.0-2.8 mm and 5.6-8.0 mm, with the RSD of 0.72 and
0.83, respectively (Figure S2, Supplementary Information).

Despite large deviations of the model, manganese shows
very high coefficients of interelement correlation with all
the elements (Table S3, the Supplementary information),
showing the highest correlation with nickel, probably due
to accumulation of both metals in iron-based phases (the
coefficients of correlation of total contents of Mn and Fe,
according to the data of [25] is ca. 0.8).

Nickel

The coefficient of correlation for the Set 1 is 0.39, and for
the Set 2 is 0.58 (Table 2) and the S-shape is not observed
(Fig. 8). The RSD sums are 9.0-9.7, thus underestimating
the entire-range leaching for about 71% for the Set 1 and
66% for the Set 2. For Ni, nearly none of the fractions is
described accurately by the model. The range of large frac-
tions (2-22.4 mm) deviates the most, with RSD in the range
of 0.70-0.98 for the Set 1 and 0.62—0.98 for the Set 2.
Interelement correlations of Ni with all other elements
are at the same level of coefficients of 0.4-0.5, and the coef-
ficient of correlation with Si is also non-zero (Table S3, the
Supplementary information). As for antimony, the coef-
ficient of interelement correlation Ni—S for all except the
three coarsest fractions becomes ca. 0.7, showing that Ni is
leached from the particle core, however this cannot be the
only reason for the most unpredictable behavior of Ni among
the test elments. The most probable reason is than nickel can
present in BA in metallic forms [25, 38] and its amounts in
MSWI BA are most diverse compared to other metal and
common non-metal elements [4, 25, 35, 38, 44, 45, 58-60].
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Discussion

Specific leaching patterns (S-shaped curves with the maxi-
mum for the finest fraction and the minimum for the largest
for most elements and anions and total leaching, Figs 3, 4,
5, 6,7, 8 and 10) throughout the particle size range were
observed previously [25]. It was shown that the leaching
curves throughout the fraction range for many elements are
similar in shape, yet no correlation was observed with either
particle size or specific surface area [25, 61, 62]. Addition-
ally, it was observed that slow milling led to an increase in
leaching due to the possible breakup of the quench layer
from the larger grains and its dissolution [4, 22, 25]; thus,
it can be assumed that surface area alone is not a suitable
predictor for leachability.

Therefore, the study objective was to develop a simple
semi-empirical model for estimating the leaching of MSWI
BA based on the estimations of both the particle core
and quench layer for different size fractions. The primary
assumption of the model is that a MSWI BA grain consists
of a core and a quench layer of a certain thickness (see the
Supplementary information). Thus, the leachabilities of the
quench layer and the core are based on the smallest and larg-
est MSWI BA fractions assessed with the one-batch leaching
test, and then the amount of quench layer and leachability
were calculated for each fraction. The model calculates the
ratio between the volume of the quench layer and the entire
volume of the particle for each MSWI BA size fraction
assuming a uniform thickness of the layer. Additionally, it
takes into account a background leaching provided by the
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core as proven by the comparison of untreated and treated
MSWI BA [4, 25]. The finest fraction is mostly composed
of the quench layer [4], so its leaching value is assumed
to be representative for the leaching of the quench layer in
other fractions and used for calculating the amount of PTEs
leaching from the quench layer. The largest fraction contains
a small percentage of the quench layer. Thus, the leaching
data from the largest fraction is used as a reference (or back-
ground) level of MSWI BA leaching that is not or only very
slightly affected by the quench layer [4, 31]. Thus, the model
considers the leaching value for each fraction corresponding
to the volume shares of the quench layer and the core in the
particle.

The model is based on two extended sets of the leach-
ing data of 18 particle size fractions of MSWI BA for the
particle size range 0-22.4 mm: one for building the model
and another for validating it. Unlike previously devel-
oped numerical models [52, 53], this approach is based
on the leaching data for the most contaminated fine frac-
tion (<63 um) and the least contaminated large fraction
(>22.4 mm) of MSWI BA, which is then applied to the
entire particle-size range of 18 fractions. To establish the
correlation between the elements used for the model build-
ing, the total inter-element coefficients of correlation were
made for the test elements as well as with silicon leaching
(Fig. S4, Supplementary information and total sulfur leach-
ing (Table S3, Supplementary information). It can be seen
that all the elements do not correlate well with silicon that
is the main element (along with iron and aluminum) of the
core of most MSWI BA particles [25] and is not mainly con-
nected with the quench layer [4, 31].

Table 2 shows the overall coefficients of correlation and
the total relative residual sums of errors. Based on this data
and the interelement coefficients of correlation (Table S3,
Supplementary information), all the considered elements
in MSWI BA can be separated into three groups. The first
group shows a good fit, low total errors (10-20%) and high
interelement correlations (coefficients above 0.90). It is com-
prised of anions (chloride and sulfate), alkali metals (Na*
and K*), and alkaline-earth elements (Mg**, Ca*, and Sr**)
as well as Cu**.

The first, largest group (two anions and six cations) is
comprised of chloride salts accumulated in the quench layer
[6, 39, 42] and the components of CSH [33, 40, 41, 42]. It
seems relevant that the model showed a good prediction for
copper, which is known as a rather hardly predictable metal
in MSWI BA [59, 63] and is a common challenge in BA pro-
cessing due to high leaching [59, 63]. As previously found,
Cu may transform into stable inorganic compounds [64], like
hydroxides-sulfates (Cu,(OH)sSO,-1.3H,0 etc.) and form
readily soluble stable complexes with organic substances
[65]. However, the S-shape of the curve for Cu may show
that it is mainly present as hydrated oxides and especially
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chlorides that we previously found to form the large material
fraction of the whole BA but can be formed by cooldown
or quenching conditions [57]. Considering the complex
nature of MSWI BA, multiple factors, which play a role in
the leaching of a specific element, and simplification of BA
particles in the model, the overall error level attained for the
well-fit elements of the first group appears to be satisfactory.

The second group unites elements with a good fit but
more significant total error (ca. 30%), Ba>*, Zn>*, and Sb>*.
Also, these elements have lower interelement coefficients
of correlation (Table S3, Supplementary information), ca.
0.7-0.8, between each other and with the elements of the
first group. The model predictions for Ba and Sb (Fig. 6)
show that the leaching for the most contaminated fraction
and the largest fraction do not differ significantly. Unlike
the above-described elements of the first group, where the
difference between the most and the slightest contaminated
fractions would be in the range of an order of magnitude, for
Sb, it is about two times, and for Ba, it is approximately the
same. One of the possible explanations for this phenomenon
would be the size of those cations, their nature as hard acids
according to Pearson’s principle of hard and soft acids and
bases (HSAB), and their tendency to form poorly soluble
compounds [66]. Therefore, they might form their phases
and/or precipitate on the quench layer but not be adsorbed
by it during quenching. This way, through precipitation, they
appear in all fractions [17, 67]. However, the behavior of
these elements justifies including the leaching of the largest,
the least contaminated fraction in the model calculation, to
account not for adsorbed compounds only but also for pre-
cipitated species that result in a change in shapes of these
model curves [15, 17, 68].

For Ba and Sb, which form less soluble compounds but
could be accumulated in the quench layer due to the affin-
ity of basic oxides of alkaline-earth metals or sulfate, the
model shows fairly satisfactory results with a total error of
ca. 30%. However, although the general S-shaped curves
are visible, the accuracy of the model is reduced due to high
leachability of Ba and Sb of the coarse fractions. For Sb, this
is confirmed by the precious findings [15, 17, 25, 68]; for Ba,
it was previously discussed for the same source of MSWI
BA [25]. Probably, the leaching from the fine fractions goes
from the quench layer but from very fine particulate matter
removed from the quench layer [69]. This is confirmed by
the coefficient of interelement correlation between Sb and
Ba for all except the coarsest fractions, which is high as 0.74.
In our opinion, the behavior of Sb and especially Ba seems
to be the drawback of the present model, and it requires
some extra work involving other sources of BA. Still, in our
opinion, the possibility to use the proposed simple model
for elements accumulated in the particle core to account for
the leaching from the quench layer seems rather expedient.
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Zinc shows much higher values for fine fractions. The
reason for that is that metallic zinc is present in MSWI BA,
which is different from many other elements [70]. It is highly
volatile compared to many other elements and evaporates
during incineration, typically emerging in high quantities in
fly ash [69]. However, a part of the evaporated zinc may be
absorbed by the surface of BA particles, especially the finest
fraction with the highest surface area. Still. Even though zinc
is considered a difficulty predicted element in MSWI [13,
57, 67], its behavior is described by the model satisfactorily.
Also, for Zn, the positive deviation (overestimation) of the
model may result from the very diverse distribution of zinc
in MSWI BA [57]. Apart from metallic zinc [70], it could
be present in soluble compounds like chlorides but may also
be present as silicates and phosphates. On one hand, it may
be the reason of very low leaching of Zn in coarse fractions
[4, 25], however it may be the source of very unpredictable
behavior of zinc in fine fractions (Fig. 7), for which many
other elements, good fits were found. The coefficients of
interelement correlations for Zn with all other elements are
average, and they do not change if taking fine or coarse frac-
tions like for other fairly or poorly fit elements. Thus, the
investigation of Zn requires some further studies, however,
as for the above elements, the workability of the model for
this element can be considered a good result at the proof-of-
concept stage of model development.

Finally, the rest of the test elements, the third group of
Mn?* and Ni%*, shows lower coefficients of correlation of
the model and/or significant total errors (> 50%). However,
Mn shows very good interelement correlations with the first
group, while Ni shows poor correlation with all other ele-
ments. Manganese and especially nickel do not follow the
S-shape leaching curve, which correlates with previous find-
ings [24]. The reason for the insufficient fit of the model
for Mn and Ni might lie in the fact that they tend to form
insoluble compounds with iron and accumulated in the same
fraction [71]. The increase in the leaching amounts of both
metals in fractions over 2 mm may be the result of their
accumulation in iron-oxide-rich phases, as shown previously
[8, 71]. Combined with the heterogeneity of MSWI BA, and
presence of these elements at least partially in metallic form
[8, 25, 38] results in the decrease of the model accuracy for
those elements (Table 2).

Apart from considering the whole, averaged devia-
tions from the model by total RSD sums, it is expedient to
consider fractions that show the maximum deviations. As
can be seen for nearly all plots of the elements of the first
group, both anions and cations, the model describes well
the range of fine fractions and the large one, but for differ-
ent elements, the artifacts in the ranges 0.3-0.7 mm and
above 2 mm remain the same. Also, for nearly all elements,
it can be observed that the model does not describe the frac-
tion 4.0-5.6 mm very well, for some elements, the fraction

5.6-8.0 mm is also affected. One of the possible explana-
tions for the first increase for submillimeter-size particles
in leaching would be sieving, if contaminated tiny particles
adhere to larger particles due to electrostatic effects [33].
This adherence could result in the over-contamination of
those fractions and their non-fitting to the proposed model.
Figure 5 provides another example of the phenomenon men-
tioned above for Mg, Ca, and Sr.

The increase in leaching for larger particles might be
due to relatively lower amounts of quench-layer-to-core
particles in these fractions compared to the overall MSWI
BA. It was visibly different after sieving that these frac-
tions contain much more foil, threads, etc., which therefore
results in outliers for some elements (Sr, Sb, and Cu). A
noticeable number of deviations is also observed for smaller
fractions of 0.71-1.0 and 1.0-1.4 mm. This is confirmed
by the loss-on-ignition (LOI) data for both sets of MSWI
BA (Fig. 10). As can be seen, with an increase in the parti-
cle size, LOI decreases. However, the fractions 0.71-8 mm
have an increased LOI compared to this trend. This is
especially noticeable in the range of 2.0-5.6 mm (Fig. 10).
This increase might result from the relatively high amount
of unburnt organic matter (leaves, treads, fabrics, etc.) in
these large MSWI BA fractions [25]. It is likely that they
get enriched in these fractions due to their similar size after
incineration. These materials might impact the total leach-
ing because they could disrupt the packing of MSWI parti-
cles due to being shaped very differently from the proposed
model shape but the regular shape of the MSWI BA parti-
cles. The comparison of the total leaching (Fig. 9) with LOI
data also shows that the range 2.0-5.6 mm has the maximum
deviation from the correlation of these two parameters.

Thus, the modelled values for the entire particle-size
range correlate well with the empirically obtained leaching
data for total leaching and for elements and anions (Na, K,
SO42‘, CI7, Ca, Mg, Sr, Cu, total S and partially Zn) with
good or moderate accuracy. Hence, the model predicts the
leaching of certain elements well when it is clearly influ-
enced by the composition of the quench layer [4, 6, 31,
37], while the leaching of other elements is influenced by
other factors such as presence of metallic forms of elements
throughout fractions [8, 25, 33, 38, 70, 71]. It demonstrates
that despite the MSWI BA complexity, a simple model
can predict the leaching behavior of many elements using
a limited set of experimental data: even though the model
simplifies the real MSWI BA particles to a great extent [15,
19, 24, 25], it can be used to predict the leaching profile
of certain elements using only the leaching values of two
fractions as input. Thus, this approach provides the rapid
screening of MSWI BA regarding its contamination and an
easy assessment of the effectiveness of treatment procedures
such as washing or grinding that effect/remove the quench
layer [68, 72].

@ Springer
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As a whole, the model demonstrates good results for ele-
ments of various nature and various roles in MSWI BA,
supporting the idea that the quench layer with readily soluble
salts and easily released particles has significant influence on
the total MSWI BA leaching. The model predicts the leach-
ing behavior of the entire particle size range with an error
of 10-20% for ions associated with the soluble salts accu-
mulated in the quench layer. The advantage of this model
in comparison with previously proposed [5, 9, 12, 15, 24,
44-48] is its simplicity, independence of chemical equilib-
ria that may change from plant to plant due to a change in
the BA composition. Thus, this approach can be used either
as a rapid screening of the leaching behavior of an entire
MSWI BA batch (to find if it is differently processed, incin-
erated, or washed) or the estimation of the effectiveness of
treatments applied to BA fractions to reduce the leaching
that change the BA composition [10, 24, 26, 27, 30, 33, 39,
63, 69].

As proof of concept, the model shows its workability, but
this approach has drawbacks and limitations. The main limi-
tation goes from its simplicity and the round-shape character
for BA particles and the equal size and composition of the
quench layer for all the samples. Probably, this layer is vari-
able, which resulted in some underestimation of the leaching
for medium fractions. Also, the model assumes that all the
BA particles are the same, but the existing data show that
some of the particles may have non-mineral origin as metal
or organomineral particles that certainly result in underesti-
mation (seen in millimeter size particles). This second draw-
back may be partially answered by increasing the number of
data sets used for model building and training. It would also
be interesting to compare data from different incinerators in
different countries to see if the model is applicable in these
cases, as in this study, only a Netherlands incineration plant
is used. Also, the existing methodology of BA structure and
composition as well as leaching properties is well devel-
oped but the multicomponent character of BA with possible
appearance of new phases may need some more advanced
methodological studies involving new methods like X-ray
spectroscopy [57, 73, 74] and methodologies developed for
other type of waste or natural compounds [74-77]. It may
result in more accurate data, especially for the elements with
low leaching but still essential or PTE [25, 29, 78].

Conclusions
Thus, as a result of this study, an approach for modelling

multielement leaching is proposed that takes into account
the quench product layer that is formed during regular

@ Springer

post-incineration water-based cooldown process (quench-
ing) of MSWI BA. This approach seems to be a promising
and easy way to rapidly estimate the leaching of MSWI BA,
but, more importantly, it may predict the leaching of size
fractions, which facilitates applying whole or fractionated
MSWI BA in various branches of industry that require cer-
tain size range of this material. In turn, this can aid selecting
fractions that need further treatment, such as washing or
grinding, to remove this quench layer. Also, the simplicity
of the proposed model towards this aim in comparison with
other more complex approaches allows for its potential use
in predicting the whole leaching properties of this material.

From viewpoint of another aim, this study, along with
previous findings [4, 6, 31, 37] evidences that the MSWI BA
water-quenching procedure might have adverse effects on
the quality of BA by creating a layer of the quench product.
This is especially important for leaching of BA fine frac-
tions due to formation of a large fraction of the quench layer
with new highly soluble mineral phases. Therefore, further
treatments aimed at improving the quality of the quenched
MSWI BA should be directed to undoing the damage caused
by the quenching procedure. It appears to be vital to prove
the full responsibility of the quench layer for the leaching of
the elements that are crucial for the further use in secondary
building materials [2-5, 9, 12, 13, 44, 79], such as chloride
(which is the main problem often requiring a washing treat-
ment) [39], but also PTEs [23, 36, 60, 67], as to whether the
MSWI BA be landfilled or reused [1, 3, 18, 58], it has to
match the environmental legislation limits [29, 78]. It can
be carefully suggested for consideration that should water
quenching be substituted with air (dry) cooling process [79,
80], the level of contamination of BA could drop drastically,
especially, for chloride, although the activated status of wet
and dry quenching and weathering should also be considered
in full. Thus, the material will require less measures to pass
the environmental legislation [29, 78]. The proposed model-
ling approach serves as additional proof of the adverse effect
of the water-based quench layer on the leaching. It partially
fills the gap in understanding the role of the quench layer
by showing similar behavior for elements of various nature
including PTEs and with different content levels in MSWI
BA.

The proposed model approach is limited due to its sim-
plicity and the condition of the same properties (both the
size and the composition) of the quench level for all the size
fractions. Also, it does not take into account the existence
of non-quenched particles (threads, metal particles, etc.)
that may be in a certain size fraction, which manifested in
the positive deviation of element composition in submil-
limeter to millimeter fractions. However, the overall error
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of the model makes it suitable for the primary estimation or
screening of a BA sample. This study was aimed as proof
of concept and cannot show its full potential right now. To
further test and improve the model, the high variability of
MSWI BA should be taken into account, and more data sets
from different batches, different, incineration plants, other
countries, etc. should be incorporated to realize the full sta-
tistical picture of the model.

Nowadays, a large share of reduce/reuse/recycle-based
BA treatment is targeted to undo the damage (mostly related
to contamination) from the way of handling the material
at nearly all previous steps (waste collection, waste separa-
tion, incineration, mixing BA fines with the coarse fraction,
and water quenching). Therefore, an attractive route of the
research would be to study how handling procedures at all
steps contributes to the final properties of the BA product.
This may require going a few steps back to begin with the
waste and simulate various processes on a laboratory scale,
but the outcome might be the generation of several streams
of valuable recyclable materials, and either improved quali-
ties of BA and/or a major decrease in the amount of the
residuals. In this connection, the proposed approach built
or improved by the broader data may be of use both at the
stages of basic and applied research.
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