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Abstract

Background: Fly ashes from municipal solid waste incineration contain significant amounts of (technology critical)
elements. Processes to recover Cu or Zn are already in practice, but it still remains difficult to evaluate the full second-
ary resource potential of the ashes. One reason is the absence of a worldwide comparable analytical basis for detailed
market analyses. To encounter this, (i) an advice on how to analyse 65 elements after microwave-assisted digestion
by ICP-OES and ICP-MS is delivered, (i) the heterogeneity (hours to annual cycle) is evaluated for a incineration plant,
(ii)) leaching efficiency with three different eluents and (iv) the market potential of the elements as commodities are

evaluated.

recovered in future activities.

materials, Multi-element analyses, Life cycle assessment

Results and conclusions: Aqua regia digestion was found to be sufficient to evaluated the recovery potential;
except for the mass constituents Al, Si, Sn, Ti and the trace components Cr, Hf, Nb, U and W, for which HF-containing
digestions delivered better recoveries. On different time scales, ashes were very homogenous and HCl- as well as
H,SO,-supported leaching delivered, satisfying results within an hour (exceptions are, e.g., Bi and Sb). By applying
characterisation factors of the life cycle assessment impact category “Resource depletion—minerals and metals” sup-
plemented by the list of critical raw materials of the EU: Ag, Bi, Cd, Ga, In and Sb are most interesting elements to be
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Background

The amount of municipal solid waste (MSW) was esti-
mated at 1.3 billion tons per year worldwide in 2012 and
is expected to rise to 2.2 billion tons in 2025 [1]. As an
example for modern consumer societies, in the Euro-
pean Union (EU) between 2004 and 2016 a minimum of
204 and maximum of 214 million tons per year (includ-
ing households and similar wastes) were generated by
the EU-28. The composition of waste and the treatment
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applied varies strongly amongst different countries [2].
Still waste incineration represents globally a minor per-
centage (e.g., EU-28 6.6%, sum of incineration with and
without energy recovery) due to related costs of infra-
structures (household/industry to incineration plant) as
well as of the required dryness of the waste [1, 2]. Nev-
ertheless, it is worldwide an increasingly used treatment
to handle rising quantity of domestic and industrial waste
[1]. Advantages making the technology increasingly
popular are a reduction of the waste volume up to 90%,
recovering energy (heat) and the destruction of patho-
gens and toxic organic compounds. Development and
implementation of technologies to reduce emissions and
of regulatory frameworks as well as the energy recovery
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made incineration technologies increasingly popular [3—
5]. In the incineration process different residues are pro-
duced, including slags, bottom ashes (BA) and different
types of air pollution control (APCs) residues (e.g., boiler
ash, fly ash; FA) [6]. Residues from APCs often contain
inorganic (e.g.; Hg or Cd) and organic dangerous sub-
stances (e.g., dioxins). They are usually treated as hazard-
ous materials [7-10] and landfilled or disposed, e.g., in
caverns. In some cases, materials are used after a further
treatment as backfilling material, in construction works
(asphalt or cement filler material) or as neutralising agent
for acid wastes [6]. Due to FAs’ potential adverse impact
on human health and the environment, first scientific
studies were primarily focused on pollutants’ release [11].
Later, an increasing number of investigations identified
the different residues as potential secondary resources
and addressed the challenges to recover metals from dif-
ferent matrices [12—-21]. In this context it was accepted at
an early stage, that speciation and fractionation of ana-
lytes are key factors with respect to leaching and were
already addressed in the 1980s (e.g., [22, 23]). In the
following decades serval Ph.D. theses and publications
addressed solubility aspects of the predominant mineral
phase (e.g., [24, 25]). However, comprehensive analyses
combining a huge variety of compounds, time-dependent
fluctuations, leaching characteristics and marked poten-
tial are still missing.

A coordinated project approach was undertaken,
financed by the Federal Ministry of Science and Educa-
tion Germany (cf. Acknowledgment) to better under-
stand potential contributions of municipal solid waste
incineration (MSWI) FAs as a potential secondary
resource to secure the supply with (technology critical)
elements (TCEs). To estimate resource potentials (of, e.g.,
TCEs), a reliable data basis is indispensable requiring a
thorough and comprehensive analytical characterisation
of residues. Surprisingly, significantly more studies are
available addressing techniques to recover metals and
metalloids (metal(loid)s) without focusing on develop-
ment, optimisation and validation of analytical methods
and the characterisation of incineration residues. Regard-
ing visible scientific uncertainties and the fact that the FA
matrix is analytically challenging, thoroughly validated
analytical approaches are indispensable. Not at least,
to investigate the heterogeneity of residues of different
incineration plants and variations over time within the
same plant, that both were not yet investigated in detail
[26]. Therefore, in a subproject of the initiative, the fol-
lowing aspects were addressed: (i) a best practice advice
for routine sample preparation and multi-element analy-
ses for a comprehensive investigation of (trace) element
content of MSWI-FA, (ii) the temporal heterogeneity of
key parameters and element content of 65 elements (Ag,
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Al, As, Au, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cu, Dy, Er, Eu,
Fe, Ga, Gd, Ge, Hf, Hg, Ho, In, Ir, K, La, Mg, Mn, Mo,
Na, Nb, Nd, Nj, P, Pb, Pd, Pr, Pt, Rb, Re, Rh, Ry, S, Sb, Sc,
Se, Si, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl, Tm, U, V, W, Y,
Yb, Zn, Zr) from sampling per hour, daily and monthly (1
year), (iii) the mobilisation potential of these metal(loid)
s with three diferent eluents in standardised laboratory
experiments and (iv) the supply security as well as the
economic demands.

Materials and methods

Chemicals

Ultrapure water was produced using an Arium pro VF
system (Sartorius AG, Germany). Nitric acid (65% w/w,
EMSURE® ISO, for analysis), hydrofluoric acid (40%,
Suprapur® for trace analysis) and hydrochloric acid used
for microwave digestion (30% Suprapur®) were pur-
chased from VWR, Germany. HNO,; was sub-boiled
(dst-1000, Savillex, USA). For inductively coupled plasma
(ICP)-based measurements, HCl Trace SELECT® Ultra
(Sigma Aldrich, Germany) was used.

Waste incineration plant

The incineration plant, located at Ingolstadt in Germany,
incinerates non-recyclable waste of 1.4 million inhabit-
ants and waste from associated industry sectors. Ther-
mal treatment consists of three parallel incineration lines
with a total waste throughput of >22 Mg/h. Two lines are
equipped with fabric bag filters with addition of hearth-
furnace coke for removal of mercury and toxic organic
compounds. The remaining line is equipped with an elec-
trofilter followed by addition of hearth-furnace coke and
bag filters. Wet flue gas cleaning is performed on all lines.

Sampling, sample preparation and reference materials

The sampled fly ashes were a mixture of an electro- and
bag filter ash and a boiler ash. Sampling was conducted
on a daily basis with the exception of hourly taken sam-
ples used to investigate the daily variability. Samples per
month were mixed from daily taken samples.

To provide a project intern reference material (IRM) for
method development reasons and verification purposes,
22 fly ash samples were taken during 1 month (26th Janu-
ary—26th February 2015). They were pooled and homog-
enised as detailed in Additional file 1: Figure S1. The IRM
was fully characterised, together with four other certified
reference materials (CRM, Additional file 1: S1). Particle
size distributions and element contents were found to be
sufficiently reproducible (<10% variability). The gravi-
metric water content was (except for one CRM) below
1% and no further sample preparation steps (e.g., drying
or milling) were applied. Especially milling may cause
adverse effects with respect to the availability of several
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analytes [27]. Each sample was divided into subsamples
using a rotary divider (LABORETTE 27 with vibratory
feeder LABORETTE 24, Fritsch, Germany) and homog-
enised by hand shaking vigorously prior to further analy-
ses. The general characterisation of FAs is presented in
Additional file 1: S2, including hydroscopic aspects of
the material (Additional file 1: S2.1), an advice on how
to determine the particle size distributions (Additional
file 1: S2.2) and magnetic particles (Additional file 1:
$2.3), information on X-ray analyses (Additional file 1:
S$2.4), on mercury (Additional file 1: §2.5), CNS as well
as on TOC quantification (Additional file 1: S2.7 and
Table S11).

Microwave-assisted digestion and ICP-analyses

One aim of the study was to develop and validate appro-
priate and routine-suitable microwave-assisted digestion
and measurement approaches for inductively coupled
plasma-optical emission spectroscopy (ICP-OES, Optima
8300, Perkin Elmer, USA) and inductively coupled
plasma-quadrupole mass spectroscopy (ICP-QMS, Agi-
lent 7700, Agilent, Japan). Different digestion protocols
tested were based on the EN 13657 (2002) for the “Char-
acterization of waste—Digestion for subsequent determi-
nation of aqua regia (AR) soluble portion of elements”
[28] and applied to commercially available certified refer-
ence materials (CRMs; BCR 176R, NIST 1633c and Fluka
Fly Ash 1 and 2, cf. Additional file 1) as well as to the IRM
produced (see above). A total digestion using hydrofluo-
ric acid was applied to the IRM and CRMs to investigate
differences and potential underestimations in compari-
son to AR digestions. Details on the validation and verifi-
cation steps are described in Additional file 1: S2.6.

Aqua regia digestion (pseudo-total content)

Based on the optimised protocol described (Additional
file 1: S2.6), after homogenising by vigorously shaking,
200 mg fly ash was weighed into microwave vessels and
mixed with 2.5 mL HNO; (65%) and 7.5 mL HCI (30%).
Digestion was carried out by applying the protocol sum-
marised in Table 1 using a Multiwave PRO (Anton Paar,
Austria).

After digestion, samples were transferred into volu-
metric flasks and diluted to a volume of 100 mL using
ultrapure water. Flasks were shaken and samples were
filtered with 0.45 pm syringe filters (Cellulose acetate,
Minisart NML, Sartorius, Germany), after rinsing the
syringe and filter with the sample solution. Dilutions,
necessary for ICP measurements, were conducted using
laboratory water (1.25% HCI, 1.3% HNOj;). Beside sam-
ples, one CRM, the IRM as well as blanks were included
in each microwave-assisted digestion run.
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Table 1 Program of the microwave-assisted AR digestion

Step Time (min) Energy (W)
1 2 660

2 2 0

3 5 660

4 5 1200

5 20 1500°

@ Until maximum external vessel temperature of 210 °C measured by an
IR-sensor was reached

Hydro fluoric acid (HF) digestion (total content)

The HF protocol was developed by a project partner [29].
300 mg fly ash was weight into the microwave vessel and
mixed with 8 mL HNO,, 1 mL HCI and 1.5 mL HF. The
microwave program is given in Additional file 1: Table Sé6.
In the complexing step the solution was mixed with 8 mL
saturated boric acid and applied to steps 5 and 6. Dilution
was performed as described before.

ICP-QMS and ICP-OES analyses

In total 65 elements were determined by means of ICP-
OES and ICP-QMS in three different series: ICP-OES for
elements > mg/kg (Al, Ca, Cu, Fe, K, Mg, Mn, Na, P, Pb,
S, Sb, Si, Sn, Zn), ICP-QMS 1 for analytes between mg/kg
and ug/kg (Ag, As, Cd, Co, Cr, Mo, Nj, Se, T1, U, V) and
ICP-QMS2, for trace elements <ug/kg including rare
earth elements and platinum group elements (Au, Bi, Ba,
Be, Ce, Dy, Er, Eu, Ga, Gd, Ge, Hf, Ho, In, I, La, Nb, Nd,
Pd, Pr, Pt, Rb, Re, Rh, Ru, Sc, Sm, Sr, Ta, Tb, Te, Th, Ti,
Tm, W, Y, Yb, Zr). An overlap between the methods was
used for verification purposes (e.g., Cu measured by OES
and QMS). Mercury was analysed by cold vapour atomic
absorption spectrometry (CV-AAS, Additional file 1: S2)
in this study. However, if no direct analyser is available,
Hg can also be included in the ICP-MS method, taking
the known disadvantages with respect to memory effects
into account. In addition to the fly ash CRMs, three liq-
uid CRMs were included in each ICP series to verify
performance. The recovery of at least two CRMs must
have been in the range of +10% of the certified value in
each measurement series, otherwise measurements were
repeated. Stability of measurements was monitored by
minimum two internal standards, continuously added by
a peristaltic pump (variability of max 20%).

Temporal heterogeneity

One aim of the project was to examine the heterogene-
ity of the element composition of fly ashes from the same
facility per day, per month and per year. Therefore, (i) one
sample per hour for 9 h on the same day was taken; (ii)
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from 15/01/24 to 15/04/09 every workday a sample was
taken and (iii) from 15/01 to 16/08 daily taken samples,
pooled on monthly basis, were analysed.

Mobilisation experiments

In this study, choice of eluents was based on economic
and environmental demands. As examples the use
HNO; as an eluent was rejected due to strict regulation
with respect to the nitrate release from industrial waste
water in Germany. Accordingly, it is not feasible to add
a nitrate source to the waste water of MSWI plants. In
contrast, none purified acids (e.g., hydrochloric acid) are
often “onsite by-products’, free of costs and not causing
additional pressure on the internal and external mass
throughput. Taking the available project resources into
account, it was possible to test three different eluents.
Water is often used for fly ash washing, removing easily
soluble salts for stabilisation and solidification. HCI and
H,SO, are industrial mass by-products, e.g., from the
wet flue gas cleaning of the MSWT itself, or from copper
smelting. In five time steps, two different liquid to solid
ratios were tested using three different eluents.

Automated extractions were undertaken based on EN
12457-04:2003-01 (Characterization of waste—Leaching;
Compliance test for leaching of granular waste materi-
als and sludges—Part 4: One stage batch test at a liquid
to solid ratio of 10 L/kg for materials with particle size
below 10 mm, [30]). In deviation from the EN, beside
water HCI and H,SO, were used as eluents and in addi-
tion, the liquid to solid (I/s) ratio of 10:1 and 100:1 was
tested, in order to check whether an oversaturation of
mineral phases occurs during extraction, potentially
causing an underestimation of extraction efficiency for
some analytes.

With an automatic titrator (Titrando, Metrohm GmbH
& Co KG, Germany) device, it was possible to run four
extractions in parallel. The pH was continuously logged.
The four acid-cleaned 2-L bottles were placed on a
horizontal shaker and all sample preparation steps and
analyses were done as described in “Microwave-assisted
digestion and ICP-analyses” and “Temporal heterogene-
ity” sections. In total 32 extraction experiments with the
IRM were undertaken.

In initial 48 h, 10:1 I/s tests with water, the basic con-
ditions for the experiments were examined, with a
higher time resolution (t=-—15 min, 0 min, 15 and
30 min as well as 1, 2, 4, 8, 24 and 48 h). Based on the
initial experiments all following experiments were under-
taken by sampling at the time intervals t=0, 15, 30, 60
and 120 min. The filtered samples were diluted 1:10 and
acidified to 1.3% HNO; for all ICP analyses. As a remark,
undiluted but acidified samples showed, none surpris-
ingly, significant precipitation effects and had to be
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acidified up to 12.5% HNO; to remain stable overtime.
At the end of the experiments after pressurised filtration
and by drying and weighting filter cakes, the solubility of
the ashes was determined.

Market potential

To assess the market potential of the analysed elements
as commodities, their current supply situation as well
as their economic potential were evaluated. The charac-
terisation factors of the life cycle assessment (lca) impact
category “Resource depletion—minerals and metals”
(RDM?) supplemented by the list of critical raw materi-
als published by the EU were used to evaluate the current
supply situation.

The impact category RDM? is one of the Ica categories
recommended by the European Commission to measure
and communicate environmental performance [31]. This
category evaluates RDM? quantitatively and is therefore
an appropriate measure of the temporal range of com-
modities. Calculation of the impact category is the recip-
rocal of the so-called static range (extraction divided by
the respective reserve). However, the considered reserve
is squared in this method to further emphasise the
importance of resource base [32, 33]. As a common value
base, results are converted and expressed in kilogram of
antimony equivalent (kg Sb-eq.). The categorisation fac-
tors, used for this conversion, were applied in this study
to quantify and compare the supply situation of the dif-
ferent commodities.

Exceeding the static range approach, supply risks are
influenced by a lot of dynamic factors as for example
political situations, recycling or substitution technolo-
gies [34]. The categorising of the European Commission
was therefore used in addition. It evaluates and lists criti-
cal raw materials according to their supply risk and their
potential impact on the European economy. Coverage of
the three published listings 2011 [35], 2014 [36] and 2017
[37], respectively, was compared and trends were derived
for every element.

Finally global market prices were considered to disclose
the economic potential. The so-called “Preismonitor
Mai 2019” published by the German Mineral Resources
Agency (DERA, https://www.deutsche-rohstoffagentur
.de) was used as a common data basis [38]. It provides
average market prices for the year 2018-2019 for high-
grade primary material.

Data analyses

For statistical data analyses, plots R (version 3.0.2;
2013-09-25) was used. Pearson’s and Spearman’s corre-
lation coefficients between single elements were calcu-
lated applying the R-package “psych” [39]. The element
concentrations over 1 year were tested for potential
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correlations. The data were not normally distributed (and
most of the tests could not be used) and the spearman
correlation coefficient was applied. The calculated coef-
ficients were crosschecked using Microsoft Excel (2010).

Results and discussion

General characteristics

The average gravimetric water content of the ashes
was 0.69£0.12%. As expected, values at different time
points of the experimental/analytical period show ashes
sorb water from the room air over time (February 2016;
0.544+0.02%, September 2016: 0.73£0.09%, Septem-
ber 2017: 0.80+0.02%). However, with respect to the
analyses, the change of water content over a time period
of ~1.5 years seems negligible, but should be consid-
ered if samples are stored for longer time periods. Par-
ticle size distributions of the IRM showed a mean value
of 39+2 pm (Additional file 1: S2.2). Size of 90% of the
particles (d90), of the volume weighted particle distribu-
tion, was below 132417 pm. Particle size distributions
of samples taken during 1 year displayed a mean diam-
eter of 45+ 11 pm and a d90 of 124 426 pum. The particle
size distributions did not indicate any significant trend.
Even though the characteristics of fly ashes from different
incineration plant types may vary strongly depending on
incineration parameters, both the water content as well
as the particle size distributions was in good agreement
to other studies [40—-45].

Fly ashes may contain magnetic particles, potentially
different in composition to the rest of the ashes, espe-
cially with regard to rare earth elements [46]. Hence, if
these particles contain certain elements from interest
they can be magnetically separated from fly ashes. The
percentage of magnetic particles was determined for the
IRM (10 times) as well as in the samples taken over 1 year
(Additional file 1: S2.3). The IRM showed a mean mag-
netic particle content of 2.1 +0.3% and the samples taken
over the year period of 1.7£0.6% distributed between
0.4 and 3.1%. The values are in good agreement to other
results [46]. Since the amount of magnetic particles
was so low, no significant contribution to the recovery
potential of valuable elements was given and a magnetic
separation from fly ashes seems not to be economically
feasible. Results from the mineralogical analyses are
briefly described and discussed in Additional file 1: S2.4.

TOC and C/N/S total content

Additional file 1: Table S7 shows the results of the TOC
and C/N/S analyses of the IRM as well as the certi-
fied fly ash reference materials used. C/N/S content is
related to the composition of the waste burned and may
vary amongst different incineration plants. Differences
were found between ashes analysed in this study. The
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RSDs were mainly <10%, indicating a good homogene-
ity of all ashes. Almost no information was available on
fly ash 1 and 2, the high RSD% of fly ash 1 can only be
ascribed to incineration and sampling settings, increas-
ing in-homogeneities.

Total carbon content in the fly ashes is comparable to
other studies [45, 47]. The organic carbon can mainly be
related to sooty and activated carbon particles generated
during incomplete combustion processes, here “falsely”
defined as organic carbon by the analytical conven-
tion [48] and also several organic contents (e.g., dioxins,
furans, carbides, cyanides or others) can be found in fly
ashes [47]. The high TOC content of NIST 1633c reflects
nearly total carbon content (TC) because the ash origi-
nates from a coal-firing process (producer information).
A sulphur content of 78 g/kg is in good agreement with
the ICP-OES results (80 g/kg after microwave digestion).
Unfortunately, a more comprehensive investigation of,
e.g. the temporal heterogeneity, was not possible, because
hydrofluoric acid was generated during the measure-
ments due to a high fluoride content of the ashes. Despite
trying different adaptation steps, HF impacted strongly
the glass components of the device and is not advisable.
The mean TOC value over the year was 12.3 g/kg with a
RSD of 15%. It is in good agreement to the heterogene-
ity of the other elements and parameters (cf. “Sampling,
sample preparation and reference materials”) as well as to
results of others who detected values between 2 and 50 g/
kg [47].

Pseudo-total content

In total 65 elements were analysed by means of ICP-
OES or ICP-QMS after microwave-assisted digestion.
Mercury was determined by CV-AAS (Additional file 1:
S2). The results of IRM are presented in Table 2 together
with the recoveries of the certified reference material
BCR 176R. Only values above the limit of quantification
(LOQ) are shown. Values represent the mean of the sam-
ples included in each digestion within the projects run
time. If an element was in 90% below the limit of quantii-
cation in the respective series (e.g., B, Au, Be, Eu, Ge, Ir,
Lu, Nb, Pd, Pt, Re, Ru, Ta, Th, T1, V) it is not included in
the following and Additional file 1: Table S8.

Values of the matrix elements (Na, K, Ca, S and to a
smaller extent Mg and P) indicate a high content of dif-
ferent salts which is in good agreement to the results
from XRD analyses undertaken for verification purposes
(Additional file 1: S2.4). The element contents deter-
mined in this study are overall comparable to those found
in several other studies worldwide [17, 45, 46, 49-54],
highlighting that incineration fly ashes can be described
as analytically challenging, but reliable potential sec-
ondary resource. High contents of Hg, Zn, Cd, Pb as
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Table 2 Pseudo-total content of the project internal
reference material

Element IRM RSD % n Recovery %
Ca a/kg 159 8.0 34

S 81.2 72 34

K 67.3 82 34

Na 585 108 22 93
Zn 39.7 89 29 100
Al 14.8 10.7 34

Fe 133 4.2 29 95
Pb 128 9.1 29 96
Mg 10.6 9.1 34

Cu 6.7 83 29 89
P 4.6 86 34

Si 4.2 241 16

Ti 39 9.2 22

Sb 2.1 14.0 34 82
Sn 20 6.0 34

Mn 1.8 6.1 34 101
Ba 14 10.2 26

Bi mg/kg 423 7.7 26

Cd 356 6.1 34 96
Cr 297 7.6 34 39
Sr 268 12.1 26

Rb 187 1.8 12

Ni 17 7.8 34 95
W 102 189 34 42
As 820 6.3 34

Ag 734 11.0 34 113
Mo 60.6 195 34

Co 418 223 34 94
Zr 414 9.7 21

Se 37.1 114 34 94
Hg 315 1.2 3 95
Ce 163 125 26 105
In 135 9.7 26

La 1.7 10.7 26 102
Ga 10.0 9.7 26

Y 7.0 84 26

Nd 54 9.8 26

Te 4.2 42.7 26

Sc 14 16.7 26 121
Pr 14 102 26

Rh 1.1 14.8 10

Hf 1.1 10.1 21 46
Gd 1.1 149 26

Sm 1.0 139 26

Dy 0.7 17.7 26

U 06 8.7 27

Er 03 235 26

Yb 03 24.7 26

b 02 34.0 26

Ho 0.1 50.7 19

m 0.1 118 26
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Table 2 (continued)

To validate the analyses, the recoveries of the certified reference material BCR
176R are additionally presented, if available (data <LOQ are not presented)

well as of Na or K in fly ashes are due to their low boil-
ing points and the related high volatility of the elements
or of their species (chlorides, oxides or sulphides) [49].
A high Ca content can be related to the addition of lime
during the dry flue gas cleaning process to remove harm-
ful gases (e.g., HCl, SO,, SO; or HF) and metals. In the
project MSWI plant, lime is added as pre-coat on fabric
bag filters, lowering the pressure difference and improv-
ing the filter cleaning. A general characterisation of waste
incineration fly ashes was already addressed in a variety
of different studies to assess possible risks coming from
the material [9, 13, 52, 53, 55] as well as to estimate the
recovery potential of raw materials [11, 17, 46, 56]. Com-
paring the pseudo-total content with the total content
analysed (Fig. 1) only for mass constituents Al, Si, Sn and
Ti as well as for trace components Cr, Hf, Nb, U and W,
an underestimation above 20% by aqua regia was found.
In reverse conclusion, for all other analytes the presented
AR digestion method is a reliable tool to evaluate the
secondary resource potential of fly ashes. Accordingly,
higher security standards in the laboratory as demanded
by HF handling are not needed, lowering significantly
overall costs. With regard to (pseudo) total element con-
tents, a key aspect of this study was a thorough validation
and verification of a method applicable in routine opera-
tion procedures (cf. Additional file 1: Table S4). We think
that the offered best practice advice for aqua regia diges-
tion (Additional file 1: S2.6) may deliver in the future an
improved comparability of FA contents and a better reli-
ability of market calculations.

Temporal heterogeneity

Results of the daily, monthly and annual changes are pre-
sented in Additional file 1: Tables S8—10 and Figures S4—
S7. From the best of the authors’ knowledge, the annual
cycle of such a comprehensive set of metal(loid)s in
MSWI fly ashes was analysed for the first time. Regard-
ing the temporal heterogeneity during 1 year, contents
of most elements analysed varied less than 30% (except
Bi: 36%, Ce: 34%, Co: 33%, Mn: 32%, Si: 39%, Te: 43%,
W: 46%). This bandwidth can be almost neglected with
regard to recovery calculations. Only the concentrations
of manganese and cadmium show potentially periodical
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Fig. 1 Comparison of results from HF and AR digestions of the IRM. The elements are grouped by concentration. Dataset a=0-10, b=10.1-50 and
¢=50.1-450 (all values mg/kg, with exception of Si, Ti, Sn, Al, P, Sb, S, Mg, Ba, Ca, Cu, Fe, K, Na, Pb and Zn g/kg)

variations with a maximum during the summer (Cd) or
winter (Mn). However, this should be verified by further
analyses of other years and incineration plants with other
input materials. In the case of Co, Ni and Mo in some
samples high concentrations were detected that can be
explained by particles containing alloy or lubricant com-
ponents. It was not possible to determine how long the
transport of the particles from the incineration to the
sampling points took and how long they remain in silos.
As a consequence, a correlation to incineration param-
eters or the waste burned was unfortunately not possi-
ble. Concerning the whole industrial process, daily taken
samples reflect the general range of variability of element
concentrations and samples taken per hour indicate vari-
ability caused by sampling. With regard to a potential ele-
ment recovery, a relatively low heterogeneity of the ashes
(within one sample as well as over longer time periods) is
a good prerequisite to develop long-term recovery strate-
gies and makes the ashes a reliable secondary resource, as
soon as methods to recover the target elements from the
very complex matrix are available.

The calculated Spearman correlation coefficients of the
concentration of the respective elements are presented
in Additional file 1: Table S12. Some elements show sta-
tistically significant (p<0.5) high correlation coefficients
(>0.8). After an internet search based on the Web of Sci-
ence, most of the correlations between elements can be
ascribed to co-uses in applications or products: As an
example, ytterbium and europium are used together as
a red luminescent substance in, e.g., TVs and europium
and terbium in LED-screens [57-59]. Dysprosium is
used in neodymium—iron—boron magnets to increase the
coercivity force [60]. Indium and tin are used together in
semiconductors [61]. Also, different alloys can be the rea-
son for correlation; examples are tin and germanium or
uranium and titanium [62, 63]. If a need to better under-
stand these correlations is given in the future, detailed
analyses of input (waste) and the ashes should be con-
ducted over extend time periods under better-controlled
conditions.
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Mobilisation and market potentials

The initial experiment with water (full data not shown)
and the high sampling resolution showed a “natural” pH
of > 12 of the fly ash and that a 2 h leaching time is suffi-
cient to characterise the leaching/dissolution behaviour.
Dissolution of the fly ash was also evaluated by pressure
filtration and drying of filter cakes after all experiments.
The lowest dissolution effect on the FA (based on mass
loss) showed H,SO, L/s 10:1 with 17% (L/s 100:1 46%)
and highest HCI L/s 100:1 with 87% (L/s 10:1 51%).
These differences between L/s ratios are a first indica-
tion of saturation effects in experiments with 100 g FA.
This effect was proven by analyses presented in Table 3
and Additional file 1: Table S13. Acid containing extrac-
tion with 10 g and to smaller extend also extractions
with water (e.g., Ag, Cd, Pb) show much higher mobi-
lisation efficiencies than those with 100 g. The effect
of the L/s ratio was also described by Kubonova et al.
[56], confirming that saturation effects must be kept in
mind as economically relevant. Consequently, 1/s ratios
should be further optimised, depending on the respec-
tive fly ash and target elements in industrial extraction
processes [56]. Table 3 delivers not only an overview
on the most efficient eluents tested and the respective
L/s ratio, but also on time dependence of the processes.
Washing of fly ashes with water is often discussed to
remove disturbing matrix effects in following process
steps and to reduce the overall salt load, e.g., [64—66].
Results presented in this study emphasise, not only the
macro-components like Ca, K, Na and S are efficiently
removed as intended, but also Ag (max. 20%), Cd (max.
32%) and Pb (max. 36%) as well as to a lesser extend Bi,
Se, Sr, and W. This should be taken into account, if Ag
or Bi are target elements in future recovery processes.
Basically, both industrial by-products (acids) tested are
suitable to be used as an eluent. In this context and as
an example for HCI, the oversaturation of the 100 g (L/s
10:1) experiment caused 20% or more reduction for Ba,
Dy, Fe, Hf, Hg, Pb, S, Sb, Sc, Se, Sr and W. As detailed
later, Sb is a technological critical element in many
parts of the world and is used as calculation equivalent
to compare market potentials. From Table 3, it can be
taken that HCI is slightly more sufficient than H,SO,
since some analytes like Ag, Bi or Pb are less mobilised
or better stabilised via chloride complexes. Focusing on
the 100:1 HCI extractions, it is visible that most (except
Bi) potentially valuable metal(loid)s are showing a rapid
release and stabilisation within the first hour. Com-
pared to the pseudo-total content, the release of >50%
of Al, As, Ba, Cd, Ce, Co, Dy, Er, Fe, Gd, Hf, Hg, Ho,
La, Mg, Mn, Mo, Na, Nd, Nd, P, Pr, S, Sb, Sc, Sm, Sr,
Tb, Tm, U, V, Y, Yb and Zn is proven. Defining clear
target elements, the presented laboratory procedure
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and multi-element method delivers the potential to
be a tool to optimise 1/s ratios, time windows and
acids or combinations of acids. The leaching experi-
ments are a first step and aiming at developing recov-
ery methods for single elements, it has to be taken into
account that the eluates represent (equally to the ashes)
a highly complex matrix containing a huge variety of
elements. Hence, further challenging steps will be the
development of methods to separate specific from the
matrix as well as the upscale for the respective industry
processes.

For implementation of an industry process, the evalua-
tion of the market potential of the system under investi-
gation is crucial. The aspects supply situation and market
price are therefore highlighted in the following section.
According to data availability, the elements Al, Ag, Bi,
Cd, Co, Cr, Cu, Ga, In, Mg, Mn, Mo, Nj, Pb, Sb, Ti, W, Y
and Zn are investigated in detail. As described in “Market
potential” section, evaluation of the current supply situ-
ation in Fig. 2 is based on the impact category “Resource
depletion—minerals and metals” (RDM?) with the refer-
ence unit kg Sb-eq. Sb is representing the value 1 as the
reference element with an arithmetically timely range
of 11 years [67]. With increasingly limited availability
the reference value unit rises as well. Elements that are
located on the right side of the antimony value (1) on the
x-axis or at least close to this value are deemed to have
more potential.

The evaluation of the RDM? potential shows that Ag
has the highest potential, followed by Sb, Cd, Bi and
Mo, and Table 4 shows the kg Sb-equivalent value of the
respective element.

In addition to the RDM? potential, the list of critical
raw materials published by the European Commission
(EC) offers insights into the supply situation. Table 5
specifies which of the elements in the scope of this study
have been listed at least once as critical by the EC.

As can be taken from Table 5, some elements have con-
stantly been assessed as critical others were evaluated
differently between different publication years. Bi, Cr, Hf
and P were each nominated ones. Cr was listed only in
2014 and Bi, Hf and P recently in 2017. W was nominated
two times lately, in 2014 and 2017. The elements Ce, Co,
Dy, Er, Ga, Gd, Ho, In, La, Mg, Nd, Pr, Sb, Sm, Tb, Tm, Y
and Yb were nominated all three times, in 2011, 2014 and
2017. It is noticeable that Ag shows a high RDM? poten-
tial but it is not listed in the EC critical raw materials’ list.
The Ag reserves of Poland ensure the accessibility for the
EU, whilst the extraction to reserve relation might still
remain an issue. Sb was nominated as critical raw mate-
rial three times and has also a high impact on the RDM?
potential. This is also mostly valid for the less often-
mentioned elements Bi and In. Cd and Mo have both a
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Mo Bi cd Sb Ag
°
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Starting from the lowest: kg Sb-equivalent
Al, Mg, Ti, Ga, Y, Mn, Co, Ni, Cr, Zn, Cu, W, Pb, In
Fig. 2 Resource depletion potential of the elements Mo, Bi, Cd, Sb and Ag
Table 4 Ranked RDM? potential of all elements from the lowest to the highest
Element Al Mg Ti Ga Mn Co Ni Cr Zn
kg Sb-equivalent ~ 1.09E—09  2.02E—09 279E—08 146E—07 569E—07 254E—06 157E—05 653E—05 443E—04 538E—04
Element Cu w Pb In Bi cd Sb Ag
kg Sb-equivalent  1.37E—03  452E—03 634E—03 689E—03 1.78E—02 4.11E—-02 1.57E-01 1.00E4-00  1.18E4-00

high impact on RDM? potential whilst not being listed
as critical raw material. The RDM? potential of Co, Ga, Y
and Mg is quite low even though they are listed as criti-
cal by the EC. For all other critical raw materials listed by
the EC currently no RDM? potential is available. As for
instance the information on rare earth elements deple-
tion are limited and not available on element level. The
differences in the coverage of the two supply perspectives
illustrate the complexity of market potential evaluations.

Therefore, the economic potential is reviewed as an
additional data basis. Figure 3 shows the average market
prices of the elements Al, Ag, Bi, Cd, Co, Cr, Cu, Ga, In,
Mg, Mn, Mo, Nij, Pb, Sb, Ti, W, Y and Zn between 2018
and 2019.

Ag has the highest raw material price followed by In,
Ga, Co, W, Mo and Y. Furthermore, the huge price dif-
ference between raw materials becomes apparent and
Table 6 shows the value for each of the raw materials
from interest.

Prices of raw materials are based on demand and
availability and its trend is dependent on the economic
growth. In this study prices refer to values before the
COVID-19 crisis, due to a lack of data availability on
the ongoing pandemic. The current economic situation
has already shown some effects on raw material prices
[68, 69]. At the beginning of the crisis the market prices
declined rapidly but swung back to the prior prices and
trends afterwards [70].

Overall, it is noticeable that Ag has the highest price
and highest RDM? potential but it is not mentioned in the
EUs list of critical raw materials due to previously men-
tioned reasons. In, Ga, Co and Y own a high market price
and a low RDM? potential. All of the four elements are
nominated in EU’s critical raw materials list. As a result,
it can be deduced that market price and RDM? potential

are both important values for future economy strategies.
The EU is trying to raise awareness for critical and not
(yet) critical raw materials and their use by publishing
their critical raw material lists in regular time intervals
and by pushing circular economy as a market strategy.
Based on the publication rhythm in the past, a new CRM
list can be expected by 2020. Maybe some of the long-
term COVID-19 impacts might be already visible at this
time. A rising awareness of the importance of diversi-
fied supply chains was visible from beginning of global
COVID-19 pandemic and the strong dependence of EU
economy on global supply chains and the respective sup-
ply risks impacted society directly. Domestic recovery of
elements may therefore gain again more attention.

This chapter highlighted the maximum potential from
a resource depletion and economic perspective. Efforts
of leaching and suspending of the elements are not con-
sidered yet. An insight into the ecological and economic
effects was already provided elsewhere [71].

Summary and conclusions

By addressing the full cycle from sampling via analy-
ses to mobilisation and market evaluation, we deliver a
comprehensive overview on the potential of FAs to be
a reliable secondary resource. A suggestion for a best
practice procedure after microwave-assisted digestion
with ICP-QMS and -OES is given. Aqua regia diges-
tion is sufficient, except for the mass constituents Al,
Si, Sn, Ti and the trace components Cr, Hf, Nb, U and
W, for which HF-containing digestion delivered bet-
ter recoveries. An industry-scale leaching of FAs con-
taining HF is due to various reasons (e.g., workplace
protection) unlikely to be performed in the future.
Therefore, to achieve a better comparability of FA con-
tents worldwide, aqua regia digestion is advised. The
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YW Co Ga In Ag

$- Mo $100 $200 $300 $400 $500 ‘ $600

Starting from the lowest:

Ti, Al, Pb, Mn, Mg, Cd, Zn, Cu, Sb, Bi, Cr, Ni

Fig. 3 Raw material prices for the elements Y, Mo, W, Co, Ga, In and Ag

Table 6 Ranked raw material price from the lowest to the highest (values in US$)
Element Ti Al Pb Mn Mg Ccd Zn Cu Sb Bi
kg price in US$ 1.16 1.96 2.04 2.21 2.56 2.59 2.70 6.24 6.98 7.77
Element Cr Ni Y Mo w Co Ga In Ag
kg price in USS$ 11.28 12.60 3297 4033 42.10 59.21 170.1 2174 5337

selective separation of magnetic particles delivers no
benefit for recovery processes. On different time scales,
the MSWI process delivers a very homogenous material
for future recovery initiatives. In the leaching process,
a liquid to solid ratio that avoids mineral phase satura-
tion has to be chosen and “washing” FAs with water to
remove, e.g., macro-components like alkaline earth ele-
ments, removes also Ag (max. 20%), Cd (max. 32%) and
Pb (max. 36%) and to a lower extend Bi, Se, Sr, and W.
Leaching with HCI and H,SO, (available as a low-cost
industrial by-products) delivered both satisfying results
within 30-60 min. Compared to the pseudo-total con-
tent >50% of Al, As, Ba, Cd, Ce, Co, Dy, Er, Fe, Gd, Hf,
Hg, Ho, La, Mg, Mn, Mo, Na, Nd, Nd, P, Pr, S, Sb, Sc,
Sm, Sr, Tb, Tm, U, V, Y, Yb and Zn was released. The
market price and the RDM? potential are both impor-
tant values and in this respect Ag, Sb, Cd, Bi, In and
Ga are most interesting elements. However, concen-
trations of Ag, Ga and In in the order of magnitude
of tens of mg/kg are comparably low and the leaching
efficiency with HCl and H,SO, was <50%. For Bi, the
pseudo-total content is higher but leaching efficiency
with HCl was only ~ 20%. This clearly indicates that dif-
ferent leaching strategies are required, adapted to the
target element. Highest concentrations were found for
Cd and Sb (order of magnitude of tenth part and one
g/kg), showing also a mobilisation of >50%. The infor-
mation from Table 4 confirms and extends the list of
elements worth to recover, with Bi, Cr, W (in the order
of magnitude of hundreds of mg/kg) and Mg, P and Sb
(g/kg range). Future studies should optimise the leach-
ing process for the elements mentioned and must offer
solutions for the overall challenge to selectively enrich
elements from highly complex matrices, to make recov-
ery processes economically feasible, in order to protect

natural resources and to avoid dumping of the FAs
without further treatment.
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