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Abstract
The use of ashes from municipal solid waste incineration as secondary building materials is an important pillar for the cir-
cular economy in Germany. However, leaching of potential toxic elements from these materials must be at environmentally 
acceptable levels. Normally, a three-month ageing period immobilizes most hazardous heavy metals, but antimony (Sb) and 
vanadium (V) showed previously unusual leaching. In order to clarify the mechanisms, we analyzed the Sb and V species in 
various bottom and fly ashes from municipal waste incineration by XANES spectroscopy. Antimony oxidizes from Sb(+ III) 
species used as flame retardants in plastics to Sb(+ V) compounds during waste incineration. However, owing to the simi-
larity of different Sb(+ V) compound in the Sb K- and L-edge XANES spectra, it was not possible to accurately identify an 
exact Sb(+ V) species. Moreover, V is mainly present as oxidation state + V compound in the analyzed ashes. However, the 
coarse and magnetic fraction of the bottom ashes contain larger amounts of V(+ III) and V(+ IV) compounds which might 
enter the waste incineration from vanadium carbide containing steel tools. Thus, Sb and V could be critical potential toxic 
elements in secondary building materials and long-term monitoring of the release should be taken into account in the future.
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Introduction

Since 1896 solid waste incineration is applied to the reduc-
tion of the volume and germ destruction of municipal solid 
waste in Germany [1]. Nowadays around 100 solid waste 
incineration plants are in operation in Germany. These plants 
generated approx. six million tons of municipal solid waste 
incineration—bottom ash (BA) in Germany annually [2]. 
In addition, an estimated annual accumulation of approx. 
640,000 tons of fly ash (FA) occurs [3]. After iron and non-
ferrous oxide metals separation, the BA contain still some 

non-ferrous metals and the mineral fraction (90%), in which 
the metals with a high affinity for oxygen (silicon, calcium, 
aluminum, magnesium, etc.) are bound in oxidic form [4]. 
Because their composition is similar to mineral raw materi-
als the BAs can be used as secondary building material [5]. 
Until the BAs can be used e.g. as subbase material in road 
construction [6], they have to pass a three-month ageing 
period (Best Available Techniques (BAT) Reference Docu-
ment for Waste Incineration, EUR 29971 EN). During this 
period, the pH value of the BAs gradually decreases, and 
pollutants are immobilized by processes like carbonation. 
In particular, leaching of potential toxic elements (PTEs) is 
reduced to environmentally acceptable levels.

To analyze the long-term leaching behavior of PTEs in 
BAs a lysimeter experiment was performed with treated BA 
for almost 6 years [7]. As expected, the leaching of most 
heavy metals as well as chloride and sulfate decreased as 
a function of the liquid-to-solid ratio (L/S in L/kg) in the 
lysimeter experiment. In contrast to that, the leaching of 
antimony (Sb) and vanadium (V) increased over time. The 
explanation for this behavior was that Sb and V leaching is 
low as long as the concentration of calcium ions (Ca) is high 
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enough to precipitate most Sb and V as sparingly soluble 
Ca-antimonates and -vanadates. Decreasing Ca ion concen-
trations as a result of BA ageing  (CaCO3 formation which is 
almost insoluble from CaO and Ca(OH)2 in the presence of 
 CO2 from the atmosphere or natural rain) leads to dissolu-
tion of these antimonates and vanadates [7, 8].

Antimony is a critical element, which under natural 
conditions occurs in two oxidation states—Sb(+ III) and 
Sb(+ V). In accordance to experiments and clinical trials 
on antimony, the virulence of Sb(+ III) is ten times that 
of Sb(+ V) [9]. However, released Sb(+ V) from second-
ary building materials can sorb onto inorganic oxides and 
organic matter in soils which may affect environmental 
health by ecotoxic effects and bioaccessibility [9–11].Vana-
dium has acquired significant attention as a PTE due to its 
extensive use in various industrial applications. However, it 
is important to note that compounds containing V in the oxi-
dation state + V have been found to exhibit ecotoxic effects 
when introduced into the environment [12–14]. In addition, 
for both Sb and V information on the environmental impact 
are still rare [15].

Therefore, the aim of this study was to analyze various 
BAs and one FA by X-ray absorption near-edge structure 
(XANES) spectroscopy to determine the chemical state 
and bonding of Sb and V to estimate their potential hazard. 
Owing to the little spectral features in the Sb K-edge [16–18] 
and V K-edge [13, 19, 20] spectrum of conventional XANES 
spectroscopy, we also applied high energy resolution fluo-
rescence detected (HERFD-)XANES spectroscopy [21]. 
Moreover, we additionally applied the Sb  L1-edge [22, 23] 
and Sb  L3-edge XANES spectroscopy [24–26], respectively.

Materials and methods

Sampling

Four BAs and one FA from various municipal solid waste 
incineration (MSWI) plants in Germany were analyzed 
in this study. BA1 and BA3 were sampled at municipal 
waste incineration (MSWI) plants in northern Germany 
with grate technology and wet ash extraction systems. BA2 
was sampled at a MSWI plant in southern Germany where 
the water supply of the extraction system was stopped and 
dry bottom ash was sampled. BA4 was sampled at an 
industrial incineration plant treating substitute fuel. FA1 
stemmed from a waste incinerator where a multicyclone 
is placed between the boiler and spray dryer so that no 
flue gas cleaning products are contained in this fly ash. 
Furthermore, from BA3, the coarse fraction (> 16 mm) 
was additionally used. Moreover, from the investigated 
BAs the magnetic fraction (BA-M) was separated and also 

analyzed. In addition, we investigated a BA used in a long-
term lysimeter leaching test (BA-L) for almost 6 years [7].

The mass fractions (in mg per kg dry weight) of Sb 
and V and other elements in the samples were analyzed 
by ICP-OES (Thermo iCAP 7000, Dreieich, Germany) 
after microwave-assisted aqua regia digestion  (HNO3/
HCl; mikroPrepA, MLS GmbH, Leutkirch, Germany). 
All digestions and ICP-OES measurements were carried 
out in triplicates.

Antimony (Sb) X‑ray absorption near‑edge structure 
(XANES) spectroscopy

Antimony K-edge XANES spectroscopy measurements were 
carried out at P64 beamline [27] at the electron storage ring 
PETRA III (DESY, Hamburg, Germany). The incident beam 
was monochromatized with a Si < 311 > double crystal mon-
ochromator. The scans were performed at room temperature. 
The Sb K-edge XANES spectra were collected in the range 
of 30240–31490 eV with a passivated implanted planar sili-
con (PIPS) detector in fluorescence mode.

The Sb  L1- and  L3-edge XANES spectroscopy meas-
urements were carried out at ID26 beamline in the TEXS 
chamber [28] at the electron storage ring ESRF (Grenoble, 
France). The incident beam was monochromatized with a 
Si < 111 > double crystal monochromator. An emission spec-
trometer with five crystal analyzers (5 × Si < 311 > , R = 1 m 
for Sb Lα1 detection; 5 × Si < 220 > , R = 1 m for Sb Lα3) in 
the ultra-high vacuum TEXS chamber was selected to have 
to obtain a strong characteristic fluorescence line around 
the maximum intensity (bandwidth around 1.7 and 2.0 eV, 
respectively). This detection method results in higher resolu-
tion spectral features (HERFD-XANES spectroscopy) and 
optimal suppression of background. The scans were per-
formed at 50 K, to reduce radiation damage in the sam-
ple. The XANES scan range was 4393–4723 eV at the Sb 
 L1-edge and 4110–4210 eV at the Sb  L3-edge, respectively. 
The data from ESRF are stored in the ESRF data portal [29].

Vanadium (V) K‑edge XANES spectroscopy

The V K-edge XANES spectroscopy measurements were 
also carried out at ID26 beamline at the electron storage ring 
ESRF (Grenoble, France) using a Si < 111 > double crystal 
monochromator. An emission spectrometer with five crys-
tal analyzers (5 × Ge < 331 > , R = 1 m for V Kα detection) 
within a helium bag, to decrease the scattering from air, 
was used for the most optimal bandwidth (bandwidth around 
1.2 eV). The scans were also acquired at 50 K, to reduce 
radiation damage in the sample. The XANES scan range 
was 5450–5550 eV.
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XANES data handling

All spectra were background subtracted and normalized to 
an edge jump of Δμd = 1 using the Athena software from the 
Demeter 0.9.26 package (Ravel and Newville 2005). In addi-
tion, the Sb and V K-edge XANES spectra were analyzed 
with linear combination (LC) fitting [30]. The spectral fitting 
range was set from – 50 to + 150 eV of the Sb K-edge and 
-10 to + 50 eV of the V K-edge, respectively. The maximum 
number of compounds in the final LC fit was limited to three 
and the sum of the compounds was forced to add up to 100%. 
From all possible LC fits the combination with the lowest R 
value was chosen.

The following Sb reference compounds  (Sb2O3,  Sb2S3, 
 SbCl3),  Sb2(SO4)3,  Sb2O5 (all Sigma-Aldrich),  NaSbF6 
(> 95%, ThermoFisher), and Ca(Sb(OH)6)2. which was 
precipitated from KSb(OH)6 (for analysis, BerndKraft) 
[17], were applied for the LC fits. Furthermore, all V 
K-edge XANES spectra  (V2O3 (≥ 99%, Carl Roth),  VCl3 
(97%, Aldrich), VC (99%, Alfa Aesar),  V2O5 (99.99%, Alfa 
Aesar),  CaV2O6 was precipitated from  NH4VO3 (> 99.8%, 
Carl Roth) [31] except for  NH4VO3 were used for LC fitting.

Results and discussion

Antimony and vanadium contents of investigated 
BAs and FA

The analyzed mass fractions of Sb and V in various MSWI 
ashes are shown in Table 1 (the whole analysis is displayed 
in Table S1). The Sb values of the BAs are in the range 
35.0–86.3 mg/kg. The analyzed FA exhibited a significantly 
higher concentration of Sb (539.9 mg/kg) as compared to 
the investigated BAs. This finding is consistent with previ-
ous studies indicating that fly ashes generally contain higher 

levels of pollutants compared to bottom ashes [32]. In con-
trast, the vanadium concentration in the FA is not increase 
in comparison to the BAs. The V mass fractions are between 
21.3 and 51.1 mg/kg, but the > 16 mm fraction of BA3 has 
an enriched V content of 101.5 mg/kg.

Antimony XANES spectroscopy of MSWI ashes

Figure 1 shows the Sb K-edge XANES spectra of various 
pure Sb compounds (top) and the investigated BAs and FA 
(bottom). All Sb(+ III) and Sb(+ V) compounds, respec-
tively, look very similar in the Sb K-edge XANES spectrum. 
But the Sb(+ III) compounds show an absorption edge at 
30492 eV, while Sb(+ V) compounds exhibit the edge at 
30497 eV. In addition, the Sb(+ V) compounds display an 
additional shoulder at 30514 eV.

Table 1  Sb and V mass fractions in (mg/kg) of various MSWI bottom 
ashes (BAs) and a fly ash (FA)

BA-L bottom ash after lysimeter experiment, BA-M magnetic fraction 
of bottom ashes, MV mean value, SD standard deviation

Sb (mg/kg) V (mg/kg)
MV ± SD MV ± SD

FA1 539.9 ± 1.5 44.1 ± 0.0
BA1 38.3 ± 0.2 23.4 ± 2.5
BA2 50.7 ± 2.7 42.0 ± 2.6
BA3 86.3 ± 1.4 21.3 ± 1.0
BA 3> 16 mm 35.0 ± 1.0 101.5 ± 5.5
BA4 37.8 ± 1.1 38.8 ± 0.0
BA-L 85.5 ± 2.6 51.1 ± 0.4
BA-M 52.8 ± 3.7 56.7 ± 1.3

Fig.1  Antimony K-edge XANES spectra of various Sb references 
(top) as compared to various bottom ashes (BAs) and a fly ash (FA) 
(bottom)
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The analyzed BAs and FA show an absorption edge 
shifted to higher energies with higher oxidation state and 
a whiteline (most intense absorption) at the Sb(+ V) region 
and the additional feature at 30514 eV (see Fig. 1 bottom). 
This indicates that the ash residues contain significantly 
more Sb(+ V) compounds compared to Sb(+ III). Although 
the spectra of the Sb(+ III) and Sb(+ V) compounds are very 
similar we applied linear combination (LC) fitting for fur-
ther analysis to the sample spectra (see best fit results in 
Table S2). The LC fits confirm that Sb(+ V) compounds are 
the major Sb compound of all investigates ashes.

For further analysis we also applied Sb  L1-edge (Fig. 2) 
and Sb  L3-edge (Fig. S1) XANES spectroscopy to the sam-
ples. Because of the low Sb content of the ashes, only a spec-
trum for FA1 could be collected at the Sb  L1-edge, which 
again confirms the Sb(+ V) dominance in that sample. The 
spectra of FA1 and BA1 at the Sb  L3-edge (Fig. S1) are 
noisier, however, Sb(+ V) related features are detectable 
there as well.

Sources of Sb in municipal waste incineration are mainly 
flame retardants from plastics [33]. Plastics often contain 
between 200 and 300 mg/kg of Sb [34]. Therefore, we also 
analyzed plastic material containing  Sb2O3/SnO2 as flame 

retardant [35] using Sb  L1-edge XANES spectroscopy (see 
Fig. 2). The XANES spectrum clearly identifies a Sb(III) 
compound. This was also confirmed by the Sb  L3-edge 
XANES spectroscopy (see Fig. S1). Thus, during municipal 
solid waste incineration, Sb(+ III) containing plastics will be 
oxidized to Sb(+ V) compounds.

Previously, calcium antimonate Ca(Sb(OH)6)2 was 
assumed to be the major Sb compound in BAs [7, 36]. 
However, this could not finally be proved, because the Sb 
XANES spectra of  Sb2O5 and Ca(Sb(OH)6)2 at all accessed 
edges are too similar for a clear differentiation, since in both 
compounds Sb(V) compounds antimony is directly sur-
rounded by oxygen atoms.

Moreover, the wet-mechanically treated BA in a lysim-
eter (BA-L) for almost 6 years [7] was also analyzed and 
showed also only Sb(+ V) compounds (LC fit in Table S1). 
Thus, the Sb in BA-L remained in oxidation state + V and no 
reduction from Sb(+ V) to Sb(+ III) was detectable over the 
long period of 6 years, which confirms the unusual leaching 
behavior of Sb during the long-term leaching process.

Vanadium XANES spectroscopy of MSWI ashes

In Fig. 3, V K-edge XANES spectra of the V reference com-
pounds (top) and the analyzed BAs and FA (bottom) are pre-
sented. Because of the applied V K-edge HERFD-XANES 
spectroscopy, in contrast to conventional XANES spectros-
copy, a pre-peak at 5470 eV [37] for the V(+ III) compounds 
is shown as well. However, the rising absorption edge for 
the V(III) compounds occurs at a lower energy than for the 
V(+ IV) and V(+ V) compounds, respectively. Especially, 
 VCl3 shows a much more prominent whiteline (most intense 
absorption) than the other compounds (see Fig. 3).

The V K-edge XANES spectra of the investigated BAs 
1–4 and FA look very similar. The LC fits of the spectra 
(see Table S2) indicate a majority of the V(+ V) compound 
 CaV2O6, supplemented by a minor part of the V(+ III) com-
pound  VCl3 for all samples. In contrast, the > 16 mm frac-
tion of BA3, which is enriched in V and other metals (see 
Table 1), contains a larger V(+ III) fraction (see Table S3). 
This is in accordance with the V K-edge XANES spectrum, 
which shows a whiteline which best fits with  VCl3 or VC. A 
similar feature was obtained in the spectrum of the magnetic 
fraction of the BAs (BA-M). The LC fit again also indicates 
some V(+ IV) for BA-M in addition to V(+ V) and V(+ III) 
compounds (see Table S2). However, due to the noise level 
of the spectrum, the R-value is low. The V(+ IV) species 
VC is used in industry for steel hardening for the increased 
demand for high grade steel worldwide [14, 38]. Moreover, 
because of its great hardness and temperature resistance 
[39] VC is commercially used for tool bits and cutting tools. 
After their end-of-lifetime these tools may enter the munici-
pal solid waste incineration and remains in the magnetic 

Fig.2  Antimony  L1-edge HERFD-XANES spectra of Sb containing 
plastic as flame retardant (FR1) and fly ash 1 (FA1)
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fraction of the BAs. Therefore, V containing tools may be 
an important source for V in waste incineration BAs and 
possibly also into the environment.

Conclusion

Our XANES investigation showed that various BAs and an 
FA contain mainly Sb and V in the oxidation state + V. For 
Sb the exact Sb(+ V) species could not be identified even 
though we applied it on three different Sb XANES edges, 
because all investigated Sb(+ V) compounds used for LC 
fits contain Sb directly surrounded by oxygen which result 
into very similar spectra. From the experimental results it is 

obvious that Sb used as component within flame retardant 
systems for plastic materials will be oxidized to Sb(+ V) 
during MSWI. Due to the presence of large quantities of Ca 
in BAs and FAs it is not unlikely that Ca-antimonate was 
formed, which is sparingly soluble as far as enough Ca ions 
are available.

For V some fractions of the BAs showed larger amounts 
of V(+ III) and V(+ IV) compounds which may enter MSWI 
plants as steel hardener in tools bits and cutting tools. In the 
case of V(+V) a similar mechanism regarding precipitation 
and dissolution as for Sb takes place [7, 8].

The input of Sb and V to the process of MSWI cannot be 
suppressed completely. Therefore, BAs and FAs will also 
contain Sb and V in the future. For FA this is a lesser prob-
lem because at least in Germany FAs are backfilled under-
ground with no contact to rain or surface water. In contrast 
to that, BAs are utilized throughout Europe to a larger extent 
as secondary building material [40]. This could require some 
long-term monitoring for the protection of the environment. 
However, even in a 6 years lysimeter experiment [7] the limit 
values as set in the German Secondary Building Material 
Ordinance [41] were not exceeded.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10163- 024- 01954-2.
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