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Kurzfassung

Thema der vorliegenden Arbeit war die Multielementanalyse von Rickstanden aus der
Mullverbrennung, insbesondere von Flugaschen, sowie Untersuchungen zur Extrahierbarkeit

einzelner Elemente mit Hilfe einer sequentiellen Extraktion.

Im ersten Teil dieser Arbeit wurden die Elementgehalte in Flugaschen aus mehreren
verschiedenen Miillverbrennungsanlagen in Deutschland und der Schweiz umfassend
analysiert, um deren Wertstoffpotential zu ermitteln. AuRBerdem wurde auf zeitliche
Unterschiede in der Elementzusammensetzung innerhalb einzelner Anlagen eingegangen.
Die Analysen erfolgten mit optischer Emissionsspektrometrie mit induktiv gekoppeltem Plasma
(ICP-OES) und mit Massenspektrometrie mit induktiv gekoppeltem Plasma (ICP-MS) nach
mikrowellenunterstitztem Aufschluss unter Einsatz von Flusssaure. Die

Elementzusammensetzung in verschiedenen Anlagen war vergleichsweise ahnlich.

Kenntnisse Uuber die Loslichkeit und Extrahierbarkeit einzelner Elemente aus den
Verbrennungsruckstanden sind in vielen Bereichen und Prozessen von Bedeutung. Dies
wurde im zweiten Teil dieser Arbeit mit Hilfe einer sequentiellen Extraktion untersucht. Es
wurde ein neues Konzept der sequentiellen Extraktion vorgeschlagen und das entwickelte
Verfahren hinsichtlich verschiedener Einflussfaktoren und Fehlerguellen untersucht. Mit dem
Verfahren wurden Flugascheproben aus zwei verschiedenen Anlagen und die Feinfraktion
einer Schlackeprobe untersucht und verglichen. Die Elemente wiesen in den untersuchten
Ruckstanden ein sehr dhnliches Extraktionsverhalten auf, lediglich die Alkalielemente in der
Schlacke zeigten eine signifikant schlechtere Wasserldslichkeit im Vergleich zu den

Flugaschen.

Die Methodenkombination von ICP—OES und ICP-MS erméglicht eine Analyse nahezu aller
Elemente des Periodensystems. Nachteilig sind jedoch der notwendige Einsatz von
Flusssaure fir einen vollstandigen Aufschluss sowie der hohe Zeitaufwand. Daher wurde im
dritten Teil dieser Arbeit die Totalreflexions-Roéntgenfluoreszenzanalyse (TRFA) als schnellere
und routinefahigere Methode fur die Analyse von Flugaschen getestet. Mittels TRFA kdnnen
sowohl Aufschlusslésungen als auch Suspensionen gemessen werden. Beide
Probenvorbereitungsmethoden wurden optimiert und hinsichtlich Genauigkeit und Prazision
verglichen. Es wurden verschiedene Fehlerquellen aufgezeigt, die bei der Probenvorbereitung
auftreten konnen, und Mdoglichkeiten zu deren Vermeidung aufgezeigt. Sowohl mit
Aufschlissen als auch mit Suspensionen konnte bei den Messungen eine Prazision im Bereich
der Geréateprazision erreicht werden. Ein aufwendiger Aufschluss mit Flusssaure erwies sich

daher als nicht notwendig.



Abstract

The topic of the present work was the multielemental analysis of waste incineration residues,
especially of fly ashes, as well as studies on the extractability of single elements using

sequential extraction.

In the first part of this work, the elemental contents of fly ashes from several different waste
incineration plants in Germany and Switzerland were comprehensively analyzed in order to
determine their potential as a secondary raw material. Additionally, temporal differences in the
elemental concentrations within some plants were discussed. The analyses were performed
by inductively coupled plasma optical emission spectrometry (ICP-OES) and inductively
coupled plasma mass spectrometry (ICP-MS) after microwave-assisted pressure digestion
using hydrofluoric acid. The elemental composition was relatively similar in the different

incineration plants.

Knowledge of the solubility and extractability of individual elements from incineration residues
is important in many areas and processes. This was investigated in the second part of this
work by means of a sequential extraction. A new concept of sequential extraction was
proposed and the developed procedure was investigated with regard to various influencing
factors and sources of error. The procedure was used to study and compare fly ash samples
from two different plants and the fine fraction of a bottom ash sample. The elements showed
a very similar extraction behavior in the investigated residues, only the alkali elements in the

bottom ash showed a significantly lower water solubility compared to the fly ashes.

The combination of ICP-OES and ICP—MS enables an analysis of almost all elements of the
periodic table. However, the necessary use of hydrofluoric acid for a complete digestion and
the high expenditure of time are disadvantageous. In the third part of this work, total-reflection
X-ray fluorescence analysis (TXRF) was therefore tested as a faster and more routine-capable
method for the analysis of fly ash. By means of TXRF, digestion solutions as well as
suspensions can be measured. Both sample preparation methods were optimized and
compared with regard to accuracy and precision. Several sources of error have been identified,
which may arise during sample preparation, and possibilities for avoidance are shown. A
precision in the range of the instrument precision could be achieved with both digestions and

suspensions. An elaborate digestion with hydrofluoric acid was therefore not necessary.
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1. Einleitung

Weltweit fallen tagtéaglich riesige Abfallmengen an, die beseitigt werden mussen. Ein grof3er
Teil davon wird ohne weitere Behandlung und ohne Recycling auf Deponien gebracht.[1] In
manchen Landern wie in Deutschland und in der Schweiz ist jedoch eine Behandlung der
Abfalle vor der Deponierung gesetzlich vorgeschrieben. In Deutschland gilt das
Deponierungsverbot fir unbehandelte Abfélle seit dem 1. Juni 2005.[2-4] In der Schweiz
besteht ein Deponierungsverbot fiir brennbare Abfalle bereits seit 1. Januar 2000.[5, 6] Die
Behandlung kann beispielsweise thermisch durch Verbrennung erfolgen.[2, 7] In der Schweiz

ist ausschlief3lich die thermische Behandlung der Siedlungsabfélle erlaubt.[7]

In Deutschland wurden im Jahr 2013 etwa 19 Millionen Tonnen Haus- und Gewerbeabfélle
(ohne Sonderabfélle) in den insgesamt 68 Miillverbrennungsanlagen verbrannt.[8] In der
Schweiz waren es im selben Jahr knapp 4 Millionen Tonnen Abfalle (Siedlungsabfalle, Abfalle
aus Industrie und Gewerbe und Klarschlamm), die in 30 Anlagen verbrannt wurden.[9] Die
Verbrennung soll Volumen und Masse dieser riesigen Abfallmengen reduzieren, indem die
organischen Bestandteile in einfache natirliche Endprodukte, insbesondere zu
Kohlenstoffdioxid und Wasser, umgewandelt werden. Aufl3erdem sollen schadliche oder
gefahrliche Inhaltsstoffe zerstort, umgewandelt, abgetrennt, konzentriert oder immobilisiert
werden. Ruckstéande sollen in eine ablagerungsfahige oder verwertbare Form gebracht
werden. Die bei der Verbrennung frei werdende Energie wird zur Stromerzeugung oder als

Fernwarme genutzt.[2, 4]

Bei der Verbrennung fallt Flugasche und Schlacke als Rickstand an. Metalle, darunter auch
Wertmetalle, bleiben in den Verbrennungsriickstanden zurliick und werden im Falle einer
Deponierung dem Rohstoffkreislauf entzogen. Insbesondere die Flugaschen werden seit
einigen Jahren zunehmend als Sekundarrohstoff in verschiedensten Bereichen in Betracht
gezogen.[10] Geforscht wird vor allem am Einsatz in der Produktherstellung (z.B. in
Baumaterialien wie Zement [11] und Tonziegel [12]) und an praktischen Anwendungen (z.B.
zur CO2-Sequestierung [13]). Aber auch eine direkte Rickgewinnung von Elementen ist
Gegenstand aktueller Forschung. Diese konzentriert sich insbesondere auf Zn [14-16] aber
auch andere Elemente wie Cu [17, 18] oder P [19]. In der Schweiz wurde ein Verfahren zur
Ruckgewinnung von Zn, Pb, Cu und Cd aus Flugasche bereits grof3technisch umgesetzt.[10,
14] Die Riuckgewinnung von Metallen aus Filterasche ist in der Schweiz ab dem 1. Januar
2021 sogar gesetzlich vorgeschrieben.[7] Ab diesem Datum dirfen Filteraschen ohne

vorherige Metallriickgewinnung nicht mehr deponiert werden.

Fir den Einsatz von Flugasche als Sekundarrohstoff ist eine genaue Kenntnis der

Zusammensetzung Voraussetzung. Zu aktuellen Elementgehalten, insbesondere zu den



Gehalten an Spurenelementen und seltenen Erden, gibt es fur Flugaschen aus deutschen
Mullverbrennungsanlagen kaum Daten in der Literatur. Erstes Ziel dieser Arbeit war daher die
Schaffung einer soliden Datengrundlage. Dazu wurden die Elementgehalte in Flugaschen aus
verschiedenen deutschen und auch schweizerischen Anlagen bestimmt (Publikation 1). Im
zweiten Teil dieser Arbeit wurde anschliel3end die Extrahierbarkeit einzelner Elemente mit
Hilfe einer sequentiellen Extraktion untersucht (Publikation 2). Im letzten Teil der Arbeit wurde
der Einsatz der Totalreflexions-Rontgenfluoreszenzanalyse (TRFA) zur Analyse von
Flugaschen getestet und verschiedene Probenvorbereitungsmethoden untersucht
(Publikation 3).



2. Thermische Abfallbehandlung

2.1. Technische Umsetzung der Millverbrennung

Der genaue Aufbau und die technischen Details unterscheiden sich zwischen verschiedenen
Mullverbrennungsanlagen, die wesentlichen Komponenten sind jedoch in der Regel in allen
Anlagen zu finden (Abbildung 1). Dazu gehért der Feuerraum mit einem Rost, auf den der
Abfall aufgegeben wird und auf dem die Verbrennung stattfindet. Der Riickstand auf dem Rost
am Ende des Verbrennungsprozesses wird als Schlacke bezeichnet. Das Rauchgas besteht
aus den Verbrennungsgasen und mitgetragenen feinen Aschepartikeln, den Flugaschen. Das
Rauchgas stromt aus dem Feuerraum und zundchst an den Kesseln vorbei, die der
Dampferzeugung fur die Energienutzung dienen. Ein Teil der Flugaschen lagert sich dabei an
den Rohren ab. Diese wird als Kesselasche bezeichnet. Das abgekilhlte Rauchgas gelangt
anschliel3end in die Rauchgasreinigung. Die Rauchgasreinigung lasst sich in die Abtrennung
der partikelférmigen Schadstoffe (Flugaschen) und der gasférmigen Schadstoffe unterteilen.
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Abbildung 1: Schematischer Aufbau einer Mullverbrennungsanlage (eigene Darstellung, angelehnt an

[20]).

Zur Abtrennung der Flugaschen existieren verschiedene Techniken, welche unterschiedliche
physikalische Kréfte nutzen. Die in diesem Schritt abgetrennten Flugaschen werden oft auch

als Filteraschen bezeichnet. Im Folgenden werden die gangigsten Techniken (Zyklone,

Elektrofilter und Gewebefilter) kurz erlautert.

]

Kamin



Zyklone: In Zyklonen wird das Rauchgas spiralformig eingeleitet (Abbildung 2). Durch die
spezielle Bauform werden die enthaltenen Partikel durch Fliehkréfte an die Wande des Zyklons
gedrickt und nach unten in einen Sammelbehdlter transportiert. Das entstaubte Rauchgas
wird nach oben abgesaugt. Zyklone eignen sich nur fur die Abtrennung groberer Partikel, da
Fliehkrafte proportional zur Masse der Partikel sind. Verglichen mit anderen Techniken ist die
Staubabscheidung eher gering, weshalb Zyklone nur der Vorentstaubung dienen und eine

Nachschaltung weiterer Techniken notwendig ist.[8]

Elektrofilter: In Elektrofiltern werden die Aschepartikel elektrostatisch aufgeladen und
elektrische Anziehungskréfte fir die Abscheidung genutzt (Abbildung 3). Das Rauchgas wird
durch ein elektrisches Feld zwischen einer Elektronen emittierenden Spriihelektrode und einer
Niederschlagselektrode geleitet. Durch StoRBionisation mit Gasmolekilen der umgebenden
Luft bilden sich sekundare lonen, die sich an Gasmolekulen anlagern. Die negativ geladenen
Gasionen wiederum lagern sich an den Aschepartikeln an, welche durch die negative

Aufladung zur Niederschlagselektrode wandern und dort haften bleiben.[8]

Gewebefilter: Bei Gewebefiltern werden die Aschepartikel durch Filter aus faserigem Material
aus dem Rauchgas abgetrennt. Im Vergleich zu anderen Entstaubungstechniken werden mit

Gewebefiltern die héchsten Abscheidungsgrade erreicht.[8]

vorentstaubtes Rauchgas

I
Rauchgas i

Filterasche

Abbildung 2: Funktionsprinzip eines Zyklons (eigene Darstellung, angelehnt an [8]).
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Abbildung 3: Funktionsprinzip eines Elektrofilter (eigene Darstellung, angelehnt an [8]).

In der anschlieRenden chemischen Rauchgasreinigung werden die gasférmigen Schadstoffe
entfernt. Gasfdrmige Schadstoffe im Rauchgas sind leicht flichtige
Schwermetallverbindungen wie beispielsweise Quecksilberverbindungen, saure Gase wie
Chlorwasserstoff, Fluorwasserstoff und Schwefeloxide, Stickoxide sowie organische
Schadstoffe.[8]

Im Folgenden wird kurz auf die Reinigungsverfahren eingegangen, bei denen Ruckstande
bzw. Reaktionsprodukte anfallen, welche in dieser Arbeit relevant sind. Quecksilber und
organische Verbindungen, die nicht bereits adsorbiert auf den Flugaschen abgeschieden
wurden, werden mit Hilfe von Adsorptionsmitteln wie beispielsweise Aktivkohle entfernt und
saure Gase konnen mit Wasser oder Natronlauge ausgewaschen werden (nasse
Rauchgasreinigung). Alternativ kobnnen saure Gase in der trockenen oder quasitrockenen
Rauchgasreinigung durch Reaktion mit Additiven wie beispielsweise NaHCO3 oder Ca(OH)2
entfernt werden. Dabei fallen feste Reaktionsprodukte in trockener Form als Rickstand an:
NaHCOs; reagiert mit den sauren Gasen zu NaCl, NaF und Na,SOsz; bzw. Na,SOa. Bei der
Verwendung von Ca(OH). entstehen CaCl;, CaF, und CaSOs; bzw. CaSOs. In manchen
Mullverbrennungsanlagen mit trockener oder quasitrockener Rauchgasreinigung erfolgt dabei
keine vorherige Entstaubung, sondern die Flugasche wird zusammen mit den
Reaktionsprodukten der chemischen Rauchgasreinigung abgetrennt, wodurch diese

vermischt werden.[8]

Neben dem Feuerungssystem und den Prozessbedingungen beeinflusst die Abfallart
und -zusammensetzung wesentlich die Bestandteile des Rauchgases.[8] Bedingt durch die
unterschiedliche Herkunft des Abfalls und die unterschiedlichen Anteile verschiedener
Abfallarten, sind Abfélle eine sehr heterogene Mischung und haben je nach Anlage eine
unterschiedliche Zusammensetzung.[21] Abfall kann z.B. aus Haus-, Gewerbe- und Sperrmll,
Bauabféllen und/oder Klarschlamm bestehen.[4] Daher kann die Abfallzusammensetzung

auch innerhalb einer Anlage zeitlich stark variieren.[21]



Pro Tonne Abfall entstehen etwa 250-350 kg Schlacke (einschlief3lich Kesselasche) und etwa
20-40 kg Filterasche (ohne Reaktionsprodukte aus der Rauchgasreinigung).[4, 22] Die Menge
an Flugasche wird unter anderem vom Feuerungssystem, von der Abgasgeschwindigkeit und
vom Aschegehalt des Abfalls beeinflusst. Wieviel Asche sich an den Kesseln ablagert ist von
der Bauart des Kessels abhangig.[8]

2.2. Zusammensetzung und Eigenschaften der Verbrennungsriickstande

2.2.1. Schlacke

Die Schlacke ist ein heterogenes Gemisch, in dem man bereits visuell verschiedene
Bestandteile wie FE-Metalle (Eisenmetalle), NE-Metalle (Nichteisenmetalle), Glas und
Keramik erkennen kann.[23] Pfrang-Stotz und Schneider [21] untersuchten die Mineralogie
von Schlacken aus verschiedenen Millverbrennungsanlagen. Die Studie zeigte, dass die
kristallinen Phasen der Schlacke Uberwiegend aus Silikaten wie CazAl[AlSiO;] (Gehlenit) und
Oxiden wie Fe304 (Magnetit) oder SiO. (Quarz) besteht. Dariliber hinaus wurden groRRere
Mengen CaCOs (Calcit) und Mineralien aus der Gruppe der Feldspate (K[AISizOg], NaJAlSizOs],
CalAl;Si»Og)) in einigen Proben nachgewiesen. Weitere Mineralien wurden nur in einzelnen
Proben in geringen Mengen gefunden. Andere Studien [24-27] berichten von einer &hnlichen
Hauptmineralogie und berichten zudem haufig auch von Fe,O3 (Hamatit) [24-26]. Schlacken

reagieren in Wasser alkalisch.[28-30]

Die Korngrol3e erstreckt sich von Schlackestaub mit <100 um bis zu mehrere Zentimeter
grol3en Stiicken.[23, 25, 31, 32] Elementar vorliegende Metalle sind nahezu vollstéandig in der
groberen Fraktion (>1 mm) enthalten, die Feinfraktion (<1 mm) ist dagegen Uberwiegend
mineralisch.[31] Loginova et al. [30] zeigten, dass die Chlorid- und Sulfatkonzentration mit

zunehmender PartikelgroéZe sinkt.

In der Regel erfolgt ein Nassaustrag der Schlacke aus dem Verbrennungsraum. Dabei fallt die
Schlacke in ein Wasserbad und wird dort abgekihlt, wodurch Staubaufwirbelungen
unterbunden werden.[33] Der Trockenaustrag, bei dem die Schlacke nicht mit Wasser in
Kontakt kommt, hat in den letzten Jahren jedoch zunehmend an Bedeutung gewonnen. Beim
Trockenaustrag bilden sich keine mineralischen Ablagerungen auf den Metallen und die
Metallstiicke verklumpen nicht mit den mineralischen Bestandteilen. Dadurch ist eine bessere
Separierung der einzelnen Metallbestandteile von der Schlacke mdglich (siehe Kapitel 2.3)
und die Metalle haben eine héhere Reinheit. Dies ist von Vorteil bei der Rickgewinnung von
Rohstoffen aus der Schlacke und der Hauptgrund fir die Anwendung des

Trockenaustrags.[31, 33]



Die Schlacke ist weniger schadstoffbelastet als die Flugaschen, da flichtige Schwermetalle
grofdtenteils in die Flugaschen tbergehen.[34, 35] In Tabelle 1 sind mehrere verschiedene
Literaturangaben zu  Elementkonzentrationen in  Schlacken und  Flugaschen

gegenubergestellt.

2.2.2. Flugasche

Flugaschen sind ein feinkdrniges Material, in dem visuell keine verschiedenen Bestandteile
identifiziert werden kénnen. Die Farbe kann von hellbraun tber grau zu fast schwarz reichen.

Eine dunklere Farbe weist allgemein auf eine schlechtere Verbrennungseffizient hin.[23]

Die PartikelgrofRen von Flugaschen liegen tberwiegend im Bereich zwischen 1 und 100 pm.
In einer Studie von Buchholz und Landsberger [36] wiesen etwa 73 Gew.-% der untersuchten
Flugasche eine PartikelgréRe zwischen 20 und 250 pum auf. Den gréf3ten Anteil bildete dabei
die Fraktion 20-38 pum, gefolgt von der Fraktion 38-63 um. In einer Studien von Van Herck et
al. [37] war der grof3te Anteil mit 45-63 um in einem ahnlichen GroRRenbereich. Nur 7 Gew.-%
hatten eine PartikelgroRe >200 pm. Weitere Studien berichten von einer maximalen

PartikelgréRe von etwa 300 um [12] und 150 um [38].

Die groberen Flugaschepartikel bleiben vorwiegend an den Kesselrohren hangen. Die feineren
Partikel werden im Rauchgas weiter transportiert und erst durch die Filter abgetrennt.[39] Auf
dem Weg vom Feuerraum zum Kamin kihlt das Rauchgas ab, wodurch gasférmige
Verbindungen wie fliichtige Schwermetalle auf den Flugaschepartikeln kondensieren.[40] Es
wurde haufig beobachtet, dass die Kondensation zum Grof3teil erst auf der Filterasche und
noch nicht auf der Kesselasche stattfindet. Belevi und Moench [39] fanden beispielsweise das
im Abfall enthaltene Hg nahezu vollstandig in der Filterasche und im Abgas nach den Filtern
wieder. In einer Studie von Morf et al. [35] waren die Konzentrationen der Elemente Cd, Pb,
Se, Tl, Sn und Zn in der Elektrofilterasche signifikant hoher im Vergleich zur Kesselasche,
wahrend Elemente wie beispielsweise Al, Cr, Fe, Ni und Sr nur geringe Unterschiede
aufwiesen (vgl. Tabelle 1). Die Kesselasche ist dadurch weniger schadstoffbelastet als die

Filterasche.

Welche Elemente sich in den Flugaschen anreichern und welche Elemente Uberwiegend in
der Schlacke zurtickbleiben, wurde in zahlreichen Studien untersucht.[32, 35, 39, 41, 42] Es
reichern sich vor allem fliichtige Elemente in den Flugaschen an. Funari et al. [32] berichteten
von einer starken Anreicherung von insbesondere Sb, Zn, Sn, Ag, Cd, Bi und TI in der
Flugasche. Der Transfer von Sb, Cd und Bi in die Flugasche war in der betrachteten Anlage
sogar so hoch, dass von dem gesamten Input dieser Elemente der grof3ere Masseanteil in die

Flugasche gelangte, obwohl der Massestrom an Flugasche mit nur ca. einem Zehntel des



Tabelle 1: Vergleich verschiedener Literaturangaben zu Elementkonzentrationen in Schlacke und Flugasche. Die hier betrachteten Flugaschen enthielten keine
Reaktionsprodukte aus der chemischen Rauchgasreinigung. Die Konzentrationen sind in mg/kg angegeben.

Schlacken Flugaschen
Funari et Allegrini et Chung et Kida et al., Weibel et al., 2016 [46] Funari et al., Kida et al., Morf et al., 2013 ** [35]
Quelle al., 2015 al., 2014 al., 2007 1996 [45] 2015 [32] 1996 [45]
[32] [43] [44]
Standort
S:Lrobten Italien Déanemark Korea Japan Schweiz Schweiz Schweiz Italien Japan Schweiz Schweiz
Anlage
Analyse Analyse Durch- Kessel- Kessel- Kessel- Elektrofilter-  Kessel- Elektro-
Anmerkung nach nach schnitt aus asche und ascheund  asche und asche asche filterasche
zum Abtrennung  Siebung 14 Anlagen  Elektro- Elektro- Elektro-
beprobten der Fe-und (5 mm Sieb) filterasche filterasche filterasche
Rickstand NFe-
Metalle
Ag 5.51 11.2 4.9 19.5 11 36 71
Al * 47 058 37 900 73 000 36 300 37 900 31750 * 29 537 31 000 43 676 39138
As 11.9 25 22.2 2.1 211 0.7
Au 0.44 0.14 0.48 2.2 0.58 2.2 0.3 11
Ba 1404 1400 1700 69 1711 2901 1856 970 12 1186 2169
Bi 2.28 0 51.2 44 20 97
Br 37.5 3563 2798 3700
Ca * 167 254 199 000 200 000 191 500 168 900 151 150 * 275 897 53 000
Cd 5.62 8.2 227 264 355 114 34 451
Ce 31.8 44 34.6 20.0
Cl 28200 13000 106 900 97 050 103 010 140 000
Co 35.4 39 76.5 17 21.0 12
Cr 367 650 729 260 650 676 486 635 270 747 776
Cu 3490 4700 3100 800 3901 2573 2544 952 930 870 2597
Dy 1.87 2.3 0.96
Er 1.26 1.95 0.60
Eu 0.92 0.67 0.74 0.71
Fe * 76 493 48 500 26 000 19 120 21 610 20 635 *15 470 10 000 31126 24 174
Ga 14.5 10 10 7.88 8.6 8.7 15.6
Gd 2.43 2.8 1.29 1.9 1.7
Ge 0.53 0.9 2.3
Hf 2.70 2.67 1.44 32 46
Ho 0.39 0.43 0.26
In 0.04 1.4 6.8



K
La
Li
Lu
Mg
Mn
Mo
Na
Nb
Nd
Ni
Pb
Pr
Rb
Sb
Sc
Se
Si
Sm
Sn
Sr
Ta
Thb
Ti
TI
m
\%
W
Y
Yb
Zn
Zr

*12 370
18.8
26.6
0.17

*15 259

* 1472
16.5

* 23074
14.8
121
224
1517
3.35

119
10.2

*151 944
2.26

201

440

1.12

0.41

* 7433

0.16
196
20.8
14.3
1.10
3562
108

21

0.17
11 000

12

12
20
1100
2500
5.5

60
4.6
1.45

3.05
170

6.8
0.43

0.26
0.18
48
9.7

1.25
3400

12 200
23.8

18 400

2700

21100

32.3
116
2.11

1.74

5.29
0.64
10 200

194

21.8

0.65
7700

13 000
6.0

24 000
470
5.0
19 000

65
410

26

13

120 000
220

310

12 000

75
3.1

2500
110

45 250

14 025
761

43 100

9540

3037

83 100

1463

542

10 120

26 770

45 940 46 930

15 090 13598
806 762
46 300 48 800
9108 12 055
2428 2935
83 090 69 490
1334 1644
425 346

10 010 8908
48 190 65 170

*39 185
11.6
23.7
0.08

*22074

* 852
20.4

*51118
10.5
7.15
85.9
2987
1.95

1022
4.59

* 64 985
1.29
713
429
1.19
0.29

* 8512

0.08
19.7
8.77
9.88
0.52
13 417
71.4

100 000
1.9

16 000
360
9.0
77 000

34
2700

230
0.6
35 000
730
150

7200

44
0.9

10 000
41

34

34

13
13
332
1413
3.0
60

4.5
11

311
565
5.7

0.03
43
54

119

14 229
1341

51

41

10

11

383

13 214
2.8
137

4.7
14

1762
460
6.4

2.3
40
49

182

35702
2023

* In der Quelle sind die Konzentrationen dieser Elemente in Form ihrer Oxide angegeben. Zur besseren Vergleichbarkeit wurden die in der Tabelle angegebenen reinen Metallgehalte

berechnet.

** |In der Quelle sind die Konzentrationen der Elemente in den Riickstédnden nicht direkt angegeben. Die Elementkonzentrationen wurden daher aus den in der Quelle angegebenen

Transferkoeffizienten und Rickstandsmengen berechnet.



Massestroms der Schlacke deutlich geringer war. Der jahrliche Massestrom an Cd
beispielsweise wurde zu 122 + 24 kg/a in der Schlacke und zu 291 + 6.1 kg/a in der Flugasche
berechnet. Li et al. [40] beobachteten ebenfalls eine Anreicherung der fliichtigen Elemente Cd,
Pb, Hg und As in der Flugasche.

Nach Belevi und Moench [39] haben folgende Faktoren einen Einfluss auf die Verteilung der

Elemente:

1) in welcher Form ein Element im Abfall vorliegt und wie es verteilt ist, z.B. ob das
Element in gro3eren Abfallsticken eingeschlossen ist oder ob sich Partikel bilden, die

leicht mit dem Rauchgas aus dem Verbrennungsraum ausgetragen werden kénnen

2) die physikalischen und chemischen Bedingungen wahrend der Verbrennung:
Temperatur, Redoxbedingungen, Chloridgehalt

3) Verweilzeit und Durchmischung des Abfalls auf dem Rost

Insbesondere die Chloride wurden in diesem Zusammenhang in mehreren Studien untersucht.
Chlorid in den Verbrennungsriickstanden stammt hauptséchlich aus der Verbrennung von
PVC-Kunststoffen.[46, 47] In Anwesenheit von Chlorid reagieren einige Metalle wie
beispielsweise Hg, Cd, Pb, Zn und Cu wahrend des Verbrennungsprozesses zu
Metallchloriden.[41, 48, 49] Metallchloride haben generell einen héheren Dampfdruck als die
entsprechenden Oxide und reichern sich daher in der Flugasche an.[47] Daher ist die
Chloridkonzentration in den Flugaschen deutlich héher als in der Schlacke (vgl. Tabelle 1). Je
hoher die Chloridkonzentration wahrend der Verbrennung, desto mehr Metallchloride werden
gebildet, wodurch die Anreicherung der entsprechenden Metalle in der Flugasche
zunimmt.[41, 49] Die Tatsache, dass die Fliichtigkeit von Schwermetallen durch Chloride
erhdht wird, wurde in mehreren Studien zur Entfernung von Schwermetallen aus den
Flugaschen durch hohe Temperaturen genutzt, indem den Flugaschen Chlorid zugesetzt
wurde.[50-52]

Die mineralogische Zusammensetzung von Flugaschen ist relativ komplex, da es sich um eine
Mischung vieler verschiedener Mineralien und Elemente handelt. Daher war es bislang nur
moglich, die Bindungsformen der Elemente zu bestimmen, die in hdheren Konzentrationen
vorliegen. Uber die Mineralogie der Spurenelemente ist nur wenig bekannt. In einer
umfangreichen Studie von Weibel et al. [46] wurde die Mineralogie von Flugaschen aus
mehreren schweizerischen Anlagen untersucht. Mit 13-14% war Ca,Al[AlSiO;] das am meisten
vorliegende Mineral. Sulfat ist Gberwiegend in Form von CaSO, enthalten. Dartber hinaus
waren grol3ere Mengen Eisenoxide (Fe Oz und Fez04) und Chloride (NaCl, KCl und K2ZnCl,)
enthalten. Aluminium lag tUberwiegend als Al° in Form groRerer metallischer Partikel vor.

AuRRerdem konnte CaCO3; und CaO nachgewiesen werden, das fur die alkalische Reaktion von
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Flugaschen in Wasser verantwortlich ist. Neben einigen der genannten Mineralien wurden in
anderen Studien auf3erdem z.B. SiO,, KsNa(SOa). und Ca(OH). gefunden.[53, 54] Chloride
und Sulfate sind im Allgemeinen in hoher Konzentration in Flugaschen enthalten [55] und gut

wasserloslich [56, 57].

Flugaschen enthalten darliber hinaus auch organische Schadstoffe, insbesondere Dioxine und
Furane. Im Abfall enthaltene Dioxine und Furane werden wahrend der Verbrennung zerstort,
im Rauchgas findet jedoch im Temperaturbereich von 200 bis 400 °C eine Neubildung (De-
Novo-Synthese) aus organischen Verbindungen in Anwesenheit von Cl statt.
Vorlauferverbindungen sind beispielsweise Chlorphenole. Ubergangsmetalle in der Flugasche
wie z.B. Cu wirken als Katalysator.[8, 58, 59] Dioxine und Furane sind daher gréf3tenteils in
der Flugasche zu finden wahrend die Konzentration im Abfall und in der Schlacke gering
ist.[60, 61]

2.3. Verbrennungsrickstande als Sekundarrohstoffe

Hinsichtlich der zunehmenden Rohstoffverknappung ist es notwendig, mogliche
Sekundarrohstoffquellen zu identifizieren und zu nutzen. Da in den Abfallen enthaltene
Wertmetalle nach der Verbrennung in den festen Rickstéanden zuriick bleiben, werden diese
zunehmend als Sekundarrohstoffquelle in Betracht gezogen und teilweise auch schon
genutzt.[10, 14-16, 32, 35, 43, 62]

Sowohl fir die Schlacke als auch fur die Flugasche existieren grof3technische
Ruckgewinnungsverfahren, damit Wertstoffe wieder in den Stoffkreislauf zurtckgefuhrt
werden konnen. Der Stand der Technik zur Wertstoffriickgewinnung aus den Schlacken und

Flugaschen wird im Folgenden erlautert.

Die Aufbereitung der Schlacke erfolgt durch physikalisch-mechanische Techniken und wird in
einigen Anlagen erfolgreich betrieben.[63] Die Schlacke wird in mehrere GroRenfraktionen
getrennt, die anschlielend verschiedene Trennschritte durchlaufen. GréRere Metallteile
werden handisch an einem Sortierband aussortiert. FE-Metalle werden mit Hilfe von Magneten
separiert. Die Abtrennung der NE-Metalle erfolgt durch Wirbelstromabscheider.[33] Die NE-
Metalle in den Schlacken schweizerischer Anlagen bestehen zu ca. 70% aus Al, zu 15% aus
Cu und zu 15% aus anderen Metallen.[64] Die separierten Metalle werden vermarktet und die
Ubrige Schlacke wird in der Regel als Baustoff verwendet, hauptsachlich im Stralenbau.[33,
65] Wie in Kapitel 2.2.1 beschrieben, kdnnen die Metalle bei Trockenaustragung besser und
in gréRerer Reinheit aus der Schlacke separiert werden. Ein Trockenaustrag der Schlacke
erfolgt beispielsweise in der KEZO Miullverbrennungsanlage in Hinwil (Schweiz) mit
anschlielender Schlackeaufbereitung. Neben den oben beschriebenen Trenntechniken ist

hier auRerdem ein Glasabscheider zur Abtrennung von Glasscherben installiert. Diese werden
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von einem Sensor anhand ihrer Transparenz erkannt und mit Hilfe einer Druckluftdiise von der

restlichen Schlacke getrennt.[66]

Mit der Aufbereitung der Schlacken hat man bereits Anfang der sechziger Jahre begonnen.
Dabei ging es zun&chst vorrangig darum, die Schlacken so aufzubereiten, dass sie als Baustoff
verwendet werden kénnen. Mit der Zeit gewann die Metallriickgewinnung aus den Schlacken
zunehmend an Bedeutung und die Aufbereitungstechniken und das Recycling entwickelten
sich bis heute weiter.[33] Die Flugaschen dagegen fanden lange Zeit wenig Beachtung
hinsichtlich  Rohstoffrickgewinnung. Zur Behandlung der Flugaschen wurden
thermochemische und nasschemische Verfahren entwickelt, von denen sich in Europa jedoch
nur nasschemische Verfahren wie das FLUWA-Verfahren (saure Flugaschenwésche)

durchsetzen konnten.[63]

Im FLUWA-Verfahren wird die Flugasche mit dem sauren Waschwasser aus der nassen
Abgasreinigung extrahiert. Die Suspension wird anschlieend durch einen Vakuumbandfilter
filtriert. Da Schwermetalle bei der Extraktion aus der Flugasche geltst werden, enthalt der
Filterkuchen nur noch geringe Mengen Schwermetalle und erfillt dadurch in der Schweiz die
Kriterien zur Ablagerung auf einer Reststoffdeponie. Aus dem schwermetallhaltigen Filtrat
werden die gelésten Schwermetalle durch Zugabe von Kalkmilch als Hydroxide ausgefallt und
abfiltriert. Der schwermetallhaltige Hydroxidschlamm besteht hauptséachlich aus Zinkhydroxid
und wird daher an Zinkhitten abgegeben. Verbliebene Schwermetallspuren im Filtrat werden
durch lonenaustauscher entfernt. Das gereinigte Filtrat kann anschlieBend ins Abwasser

eingeleitet werden.[63]

In der Schweiz begann man Mitte der neunziger Jahre Flugaschen mit diesem Verfahren zu
behandeln.[63] Inzwischen werden Uber 60% der Flugaschen in der Schweiz mit dem FLUWA.-
Verfahren behandelt.[10] AuRRerhalb der Schweiz gibt es das FLUWA-Verfahren nur in zwei
weiteren Mullverbrennungsanlagen: seit 1998 in Liberec (Tschechien) und seit 2010 in
Ingolstadt (Deutschland).[67]

Das FLUREC-Verfahren (Flugasche-Recycling) stellt eine Alternative zur Hydroxidfallung dar
und wurde von Schlumberger et al. [14] entwickelt. Mit dem FLUREC-Verfahren kénnen die
Elemente Zn, Pb, Cu und Cd aus dem schwermetallhaltigen FLUWA-Filtrat zurlickgewonnen
werden. Der erste Schritt ist dabei die Zementierung. Dabei wird Zinkpulver als Reduktionmittel
zu dem FLUWA-Filtrat gegeben, wodurch sich Cd, Pb und Cu auf dem Zink abscheiden. Ein
Teil des Zinkpulvers geht dadurch in Lésung:[63]

Cd?*, Pb?*, Cu?* + Zn - Cd, Pb, Cu + Zn?* [68]
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Das Zementat wird abfiltriert und an Bleihtten abgegeben, da es Uberwiegend aus Pb besteht.
Das in der Losung verbliebene Zn wird anschlie3end durch Solventextraktion abgetrennt,
gereinigt und aufkonzentriert. Dabei wird das Zn durch einen Komplexbildner selektiv in eine
organische Phase Uberfihrt. Die organische Phase wird gewaschen und das Zn mit verdiinnter
Schwefelséure reextrahiert. Da der Komplexbildner dabei regeneriert wird, handelt es sich bei
der Solventextraktion um einen geschlossenen Stoffkreislauf. Durch Elektrolyse wird

anschliel3end hochreines Zink gewonnen.[63]

Das FLUREC-Verfahren wurde 2012 in der Mullverbrennungsanlage Zuchwil in der Schweiz
grofl3technisch umgesetzt (Abbildung 4). Dort werden jahrlich 300 t Zink mit einer Reinheit von
>99.995% zuriickgewonnen.[10] Das FLUREC-Verfahren erweckte in den letzten Jahren auch
das Interesse von Wissenschaftlern aul3erhalb der Schweiz. Fellner et al. [16] untersuchten
die 6konomische Rentabilitat des Verfahrens und kamen zu dem Ergebnis, dass die
Einsparung an Deponierungskosten einen wesentlich héheren Einfluss auf die Rentabilitat hat
als der Verkaufserlos des Zn. Insgesamt bewerteten sie die Rickgewinnung bei dem aktuellen
Marktpreis von Zn als 6konomisch unrentabel. Purgar et al. [15] kamen zu einem ahnlichen

Ergebnis.

electrostatic acidic and neutral
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” ; Stack
boiler deashing precipitator scrubber o
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recirculation of filter cake
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electrowinning
(EW)

zinc >99.995% | ¢——

T T T S e ]

gypsum slurry

Abbildung 4: GroRRtechnisches FLUWA- und FLUREC-Verfahren. Abbildung aus Ref. [10]. Abdruck mit
Genehmigung (siehe Kapitel 7.4).
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Neben dem FLUWA- und FLUREC-Verfahren gibt es aktuell kein weiteres grof3technisch
umgesetztes Verfahren, mit dem Wertmetalle aus Flugaschen zurtickgewonnen werden. Wie
in Tabelle 1 ersichtlich, enthalten Flugaschen neben Zn, Pb, Cu und Cd noch eine Vielzahl
weiterer Wertmetalle, fir die in der Zukunft eine Rickgewinnung lohnenswert und auch
notwendig werden konnte. Die europdische Kommission hat 2011 eine Liste kritischer
Ronhstoffe fur die Européische Union erstellt.[69] Die Liste umfasste 14 Elemente und wurde
2014 auf 20 und 2017 auf 27 Elemente erweitert.[70, 71] Die Liste fuhrt unter anderem Sb, Bi,
Co, Ga, Ge, Hf, In, Mg, Nb, W, V und seltene Erden als kritische Rohstoffe auf, welche

ebenfalls in den Aschertickstanden enthalten sind (siehe Tabelle 1).
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3. Sequentielle Extraktion

Fir viele Verfahren zur selektiven Abtrennung und Rickgewinnung von Metallen missen
diese geldst vorliegen. Beispiele hierflr sind Fallungsreaktionen wie beispielsweise die
Hydroxidféllung im FLUWA-Verfahren und die Solventextraktion im FLUREC-Verfahren (siehe
Kapitel 2.3). Ein weiteres Beispiel ist die polymergestiutzte Ultrafiltration, welche zur
Metallrickgewinnung aus wassrigen Losungen angewendet werden kann.[72-74] Fir die
Entwicklung von Metallrickgewinnungsverfahren aus Riickstanden der Mullverbrennung ist es
daher notwendig das Ldslichkeitsverhalten der einzelnen Elemente in den Rickstdnden zu
kennen. Kenntnisse Uber das Loslichkeitsverhalten konnen zum Beispiel durch sequentielle

Extraktion erlangt werden.

3.1. Verfahrensprinzip

Probe

Extraktionsschritt 1 + Extraktionslésung 1

» Extrakt 1

v
Rickstand 1

Extraktionsschritt 2 + Extraktionslésung 2

» Extrakt 2

\4
Rickstand 2

Extraktionsschritt n + Extraktionslésung n

Extrakt n

v

4
Rickstand n

Aufschluss

v

Aufschlussldsung

Abbildung 5: Allgemeines Schema einer sequentiellen Extraktion (eigene Darstellung, angelehnt an
[75]).
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Bei einer sequentiellen Extraktion wird eine Probe mehrmals nacheinander mit verschiedenen
Extraktionslosungen extrahiert. Das allgemeine Schema einer sequentiellen Extraktion ist in
Abbildung 5 dargestellt. Die Starke der Extraktionsldsung nimmt mit jedem Extraktionsschritt
zu, wodurch eine Fraktionierung der einzelnen Elemente entsprechend ihrer Loslichkeit erzielt
wird. Der Ruckstand nach dem letzten Extraktionsschritt wird mit starken S&uren
aufgeschlossen. Die Extrakte und die Aufschlusslosung werden mit analytischen Methoden
analysiert.[75]

3.2. Geschichtliche Entwicklung und Zweck

Das Prinzip der sequentiellen Extraktion geht zuriick auf ein Konzept von Viets [76]. Er schlug
eine Einteilung von Kationen in Gruppen vor, abhangig von ihrer Loslichkeit, von
Austauschreaktionen und der chemischen Form, um Aussagen Uber die Pflanzenverflgbarkeit
von Mikronahrstoffen in Boden treffen zu kénnen. Ahnlich wie in den sich spater daraus
abgeleiteten sequentiellen Extraktionsverfahren wurden die Kationen durch Extraktion mit

zunehmend starkeren Extraktionslésungen in Gruppen abnehmender Ldslichkeit eingeteilt.

Die sequentielle Extraktion wurde in den 1970er Jahren entwickelt, um Informationen tber das
Verhalten von Spurenelementen und potentiell toxischen Elementen in Béden und Sedimenten
zu erhalten.[77] Durch die Bestimmung des Gesamtgehalts der Elemente erhalt man zwar
Informationen Uber die Schadstoffbelastung, darliber hinaus kénnen aber keine Aussagen
Uber die Mobilitdat und Bioverfugbarkeit getroffen werden.[78] Die Mobilitat eines Elements
hangt stark von dessen Bindungsform ab.[79] Durch die Bestimmung der Bindungsform
konnen Mobilitat, Verfugbarkeit und Toxizitat abgeschéatzt werden.[80] Durch Anderungen der
Umweltbedingungen wie Veranderungen des pH Werts, der Temperatur, des Redoxpotentials,
durch Zersetzung von organischer Substanz, Auswaschung, lonenaustauschprozesse und
mikrobielle Aktivitat konnen Elemente aus der Festphase geltst werden.[81] Mit sequentiellen
Extraktionen werden verschiedene Umweltbedingungen sowie natirliche und anthropogene
Veranderungen dieser Bedingungen simuliert.[79, 80] Spurenelemente liegen in Sedimenten
in verschiedenen Bindungsformen vor, beispielsweise adsorbiert an Partikeloberflachen,
gebunden an Carbonate, Fe- und Mn-Oxide, organischem Material oder Sulfide oder
eingeschlossen in Silikaten oder schwerldslichen Oxiden.[82, 83] Die Extraktionslosungen
bzw. Reagenzien in sequentiellen Extraktionen wurden daher so entwickelt, dass diese
mineralischen Phasen Schritt fir Schritt mdglichst selektiv geldst werden, sodass Uber die

Fraktionierung die Bindungsformen der Spurenelemente identifiziert werden kénnen.[84]
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3.3. Betrachtung der einzelnen Extraktionsschritte

Die Anzahl der Extraktionsschritte liegt meist zwischen 3 und 8.[84] Oft beinhalten die
Verfahren einen Teil oder alle der folgenden Fraktionen: wasserlosliche Fraktion,
austauschbare Fraktion, saurel6sliche Fraktion, reduzierbare Fraktion, oxidierbare Fraktion,
Residualfraktion.[57, 84, 85] Haufig erfolgt die Benennung der Fraktionen nach der jeweiligen
Phase, die in dem jeweiligen Extraktionsschritt geldst werden soll. Die saureldsliche Fraktion
wird daher auch als ,gebunden an Carbonate®, die reduzierbare Fraktion als ,gebunden an
Fe/Mn-Oxide“ und die oxidierbare Fraktion als ,gebunden an organisches Material und Sulfide*
oder ahnlich bezeichnet.[80, 83] Im Folgenden werden die verschiedenen Fraktionen und die

gangigen Reagenzien in den einzelnen Extraktionsschritten kurz erlautert.

Die wasserlosliche Fraktion wird meistens zusammen mit der austauschbaren Fraktion

bestimmt und ist daher in den meisten Verfahren kein eigener Extraktionsschritt.[84]

Die austauschbare Fraktion beinhaltet Metalle, die durch elektrostatische Wechselwirkungen
schwach auf der Feststoffoberflaiche adsorbiert sind und durch lonenaustausch geltst
werden.[79, 84] Die Desorption wird durch Verdnderung der lonenstarke erreicht.[83, 84]
Daher werden fir die Extraktion Salzlésungen verwendet, Ublicherweise mit einer
Konzentration von 1 mol/L [84] bei einem pH Wert von 7 [80]. Die verwendeten Salze sind

meistens Chlorid-, Nitrat- oder Acetatsalze von Magnesium, Calcium oder Ammonium.[79, 84]

In der sdureldslichen Fraktion finden sich Metalle, deren Léslichkeit vom pH abhangig ist.[79]
In diesem Schritt 16sen sich beispielsweise Carbonate, da diese empfindlich auf pH
Anderungen reagieren.[83] Meistens wird Essigsaure verwendet oder eine Pufferlésung aus

Essigsaure und Natriumacetat bei pH 5.[79, 80, 83]

Unter reduzierenden Bedingungen l6sen sich Fe- und Mn-Oxide, wodurch daran gebundene
Metalle freigesetzt werden.[86] Gangige Reduktionsmittel in sequentiellen Extraktionen sind
Hydroxylamin, Oxals&ure und Dithionit.[79] Die reduzierbare Fraktion wird in manchen

Verfahren noch weiter in leicht und moderat reduzierbare Oxide aufgeteilt.[57, 87, 88]

Unter oxidierenden Bedingungen wird organisches Material zersetzt, wodurch gebundene
Metalle freigesetzt werden.[79] Gangige Oxidationsmittel in sequentiellen Extraktionen sind
H.0,, NaOCI, NasP.O; und KiP20-.[84] H,O, |6st neben organischem Material auch
Sulfide.[83]

Die Residualfraktion wird mit Mischungen starker Sauren wie HF, HCIO4, HCI und HNO3
aufgeschlossen.[79] Zum Aufschluss von Silikaten und der Freisetzung der darin
eingeschlossenen Metalle ist HF notwendig, da Silikate von anderen S&uren nicht geldst
werden.[89]

17



In der Literatur gibt es eine Vielzahl verschiedener Durchfiihrungsvarianten der sequentiellen
Extraktion. Am bekanntesten und am weitesten verbreitet sind das Tessier-Verfahren [83], das
in Tabelle 2 zusammengefasst ist, und das BCR-Verfahren. Die vielen verschiedenen
Varianten waren der Anlass fur die Entwicklung des BCR-Verfahrens, mit dem Ziel ein
einheitliches Standardverfahren zur Verfigung zu stellen um vergleichbare Ergebnisse
zwischen verschiedenen Laboren zu erreichen.[90, 91] Da sich jedoch herausstellte, dass das
Verfahren eine schlechte Reproduzierbarkeit zwischen verschiedenen Laboren aufwies,
wurde der Verfahren nochmal tUberarbeitet. Das tUberarbeitet BCR-Verfahren ist in Tabelle 3
zusammengefasst.[92] Im Tessier-Verfahren sind die einzelnen Fraktionen nach spezifischen
Mineralien benannt, die in dem jeweiligen Extraktionsschritt gelost werden sollen. Da die
Spezifitat der Extraktionsreagenzien aber zunehmend angezweifelt wurde (siehe Kapitel 3.5)

[77], wurden diese Bezeichnungen im BCR-Verfahren nicht mehr verwendet.[92]

Viele sequentielle Extraktionen in der aktuellen Literatur wurden nach dem Tessier- oder dem

BCR-Verfahren oder Abwandlungen von diesen durchgefihrt (siehe z.B. [93-97]).

Tabelle 2: Sequentielle Extraktion nach dem Tessier-Verfahren.[83]

Schritt ~ Bezeichnung der Fraktion Extraktionslésung

1 austauschbar 1 mol/L MgCl: bei pH=7

2 gebunden an Carbonate 1 mol/L NaOAc, mit HOAc auf pH=5 eingestellt

3 gebunden an Fe- und Mn- 0.04 mol/L NH20H-HCl in 25% HOAc, 96 °C
Oxide

4 gebunden an organisches 1. 8.8 mol/L H202, mit HNOs auf pH=2 eingestellt, 85 °C
Material 2. 3.2 mol/L NH4OAc in 20% HNO3

5 Residual HCIO4 und HF

Tabelle 3: Sequentielle Extraktion nach dem Uberarbeiteten BCR-Verfahren.[92]

Schritt Extraktionslésung
1 0.11 mol/L HOAc
2 0.5 mol/L NH20H-HCI in verdiinnter HNOs

3 1. 8.8 mol/L H202, 85 °C
2. 1 mol/L NH4OAc, mit HNOs auf pH=2 eingestellt
4 Kdnigswasser

In der bestehenden Literatur wurden die Extraktionsschritte mit nur wenigen Ausnahmen in
der in diesem Kapitel vorgestellten Reihenfolge durchgefuhrt. Eine Studie von Miller et al. [98]
ist eine der wenigen Studien, in der untersucht wurde, welche Auswirkung eine Verénderung
der Reihenfolge der Extraktionsschritte auf das Ergebnis hat. In dieser Studie wurde sowohl
die Anderung der Reihenfolge der austauschbaren und der saureléslichen Fraktion, als auch
die Anderung der Reihenfolge der reduzierbaren und der oxidierbaren Fraktion untersucht. Es

stellte sich heraus, dass die Reihenfolge der Extraktionsschritte einen signifikanten Einfluss
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auf die Elementkonzentrationen in den einzelnen Fraktionen hat. Da Partikel in Boden und
Sedimenten haufig mit einer Schicht organischen Materials Uberzogen sind, vermuteten
Schultz et al. [99], dass diese Schicht die Auflésung der darunter liegenden Mineralien
verhindern kdnnte. Schultz et al. veranderten das Tessier-Verfahren daher dahingehend, dass
die Oxidation des organischen Materials bereits nach der austauschbaren Fraktion
durchgefuhrt wurde. Nur in wenigen anderen Studien wurde die Position des oxidativen
Extraktionsschritts ebenfalls geandert und schon vor dem reduktiven Extraktionsschritt
durchgefihrt (siehe z.B. [100-102]). Nach Filgueiras et al. [84] sollte H,O, erst nach der
Auflésung der reduzierbaren Fraktion eingesetzt werden, da dieses Reagenz Fe-/Mn-Oxide
angreifen kann. Diese Reihenfolge hat sich bis auf wenige Ausnahmen durchgesetzt.

3.4. Sequentielle Extraktion als Methode zur Speziesbestimmung

Die sequentielle Extraktion wird als eine Methode zur Bestimmung chemischer Spezies
betrachtet. Ure [103] definiert Speziierung als ‘“the active process of identification and
guantification of the different defined species, forms or phases in which an element occurs in
a material” oder “the description of the amounts and kinds of species, forms or phases present

in the material”. Die Speziierung kann in drei Kategorien eingeteilt werden:[77, 103]

a) Die funktionelle Speziierung bezieht sich auf die Funktion des Elements wie z.B.
pflanzenverfugbare Spezies.

b) Die klassische Speziierung bezieht sich auf konkrete chemische Verbindungen oder
Oxidationsstufen wie z.B. PbCO3 vs. Pbs(PO4)sCl oder Cr'' vs. CrV!,

c) Die operative Speziierung bezieht sich auf das Verfahren, das zur Extraktion eines
Elements verwendet wird wie z.B. die Bestimmung der ,in Essigsaure I6slichen” Spezies.
Das erhaltene Ergebnis hangt vor allem von den Reagenzien und experimentellen
Bedingungen ab, unter denen die Extraktion durchgefiihrt wird.[78] Die Spezies werden
Uber die extrahierbaren Elemente mit einem gegebenen Verfahren definiert und die
Aussagekraft ist mit dem verwendeten Extraktionsschema verbunden.[91] Die Spezies

kénnen, missen aber nicht, die tatsachlich vorliegende Bindungsform wiedergeben.[104]

Die sequentielle Extraktion ist ein Beispiel fir eine operative Speziierung.[77] Die sequentielle
Extraktion als eine Form der Speziierung zu bezeichnen wird in der Literatur jedoch kritisiert.
Nach Quevauviller et al. [91] kann der Begriff Speziierung streng genommen nicht fir operativ
definierte Verfahren angewendet werden, sondern nur fur die klassische Speziierung. Auch
nach Schultz et al. [99] ist der Begriff Speziierung nur auf die klassische Form der Speziierung
anzuwenden und bei sequentiellen Extraktionen handle es sich stattdessen um eine

Fraktionierung.
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Trotz dieser Kritik fand die sequentielle Extraktion zur indirekten Speziesbestimmung weite
Verbreitung, da eine direkte Speziesbestimmung in Feststoffen bei geringer
Spezieskonzentration und einer komplexen Matrix mit anderen Methoden relativ schwierig und
durch hohe Nachweisgrenzen limitiert ist.[77, 105] Zur direkten Speziesbestimmung in
Miillverbrennungsflugaschen werden beispielsweise haufig Rontgenabsorptionsspektrokopie
(XAS, engl. X-ray absorption spectroscopy) wie EXAFS (engl. extended X-ray absorption fine
structure) und XANES (engl. X-ray absorption near edge structure) [106-108] oder
Rontgendiffraktometrie (XRD, engl. X-ray diffraction) [46, 53] angewendet. Funatsuki et al.
[106] bestimmten die Bleispezies in Mullverbrennungsflugasche sowohl mit sequentieller
Extraktion als auch mit XANES und EXAFS und kamen zu den Ergebnis, dass die Ergebnisse
der sequentiellen Extraktion nicht die chemischen Spezies wiedergeben.

Darlber hinaus werden in der Literatur weitere Nachteile und Limitierungen genannt, auf

welche im folgenden Kapitel naher eingegangen wird.

3.5. Kritik, Nachteile und Limitierungen

Die Extraktionsreagenzien sind oft nicht ausreichend selektiv, wodurch nicht nur die
gewiinschten Mineralphasen geltst werden.[99] Da die angewendeten Prozeduren in der
Literatur nicht einheitlich sind, sind die Ergebnisse verschiedener Studien darlber hinaus
haufig nicht vergleichbar.[92] Die Bindungsformen der Elemente dirfen sich wahrend der
Extraktion nicht verandern. Die Bindungsformen konnen sich durch Ubergang eines Elements
von einer Phase in eine andere oder durch die Bildung neuer Phasen durch
Fallungsreaktionen verandern.[77] Auch kbnnen Elemente, die wahrend der Extraktion
freigesetzt werden, wieder an dem verbleibenden Feststoff adsorbieren.[99] AuBerdem diirfen
sich die Bindungsformen wahrend der Probenvorbereitung nicht veréandern. Ein vorheriges
Trocknen der Probe beispielsweise kann zu einer Veranderung der Verteilung auf die
einzelnen Fraktionen fihren.[109, 110] Bei einer unvollstandigen Extraktion wird die
entsprechende Fraktion nicht quantitativ bestimmt.[77] Sequentielle Extraktionen sind zudem
sehr zeitaufwendig.[84]

3.6. Sequentielle Extraktion von Riuckstadnden aus der Millverbrennung

Obwohl sequentielle Extraktionen urspriinglich fur Béden und Sedimente entwickelt worden
waren, wurde das Verfahren spéter auch auf andere Proben angewendet, unter anderem auch
auf Rickstande aus der Millverbrennung. In der Literatur finden sich sowohl einige Studien
zu Flugaschen [36, 57, 89, 111-115] als auch zu Schlacken [36, 116, 117]. Dabei wurde haufig

eine Modifikation des Tessier-Verfahrens [83] angewendet.
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4. Analytische Methoden

Im Folgenden sind die wichtigsten analytischen Methoden beschrieben, die in der

vorliegenden Arbeit verwendet wurden.

4.1. Spektrometrie mit induktiv gekoppeltem Plasma

Optische Emissionsspektrometrie mit induktiv gekoppeltem Plasma (ICP-OES, engl.
inductively coupled plasma optical emission spectrometry) [15, 25, 46, 112, 118, 119] und
Massenspektrometrie mit induktiv gekoppeltem Plasma (ICP-MS, engl. inductively coupled
plasma mass spectrometry) [32, 53, 118] sind zwei der gangigsten Methoden zur
Multielementanalyse von Millverbrennungsriickstanden. Da Proben bei beiden Methoden zu
einem Aerosol zerstaubt und Uber einen Argon-Gasstrom in ein Argon-Plasma eingebracht
werden, mussen die Proben geldst vorliegen. Millverbrennungsriickstande werden dazu meist
mikrowellengestitzt mit Saure aufgeschlossen.[25, 46, 53, 118, 119] Dabei werden oft
verschiedene Sauremischungen wie z.B. HNO3 und HF [46, 119], HNO3, H>O, und HCI [118]
oder HNOs, HCI und HF [53] verwendet. Durch die hohe Temperatur des Plasmas wird die
Probe atomisiert und ionisiert.[120, 121]

4.1.1. Optische Emissionsspektrometrie mit induktiv gekoppeltem

Plasma

Die Atome und lonen werden im Plasma in einen angeregten Zustand tberfuhrt und emittieren
beim Zurlckfallen in den Grundzustand charakteristische Strahlung, welche in der optischen

Emissionsspektrometrie detektiert wird.[120, 121]

Die Energie der bei der Relaxation emittierten Photonen entspricht der Differenz der beteiligten
Energiezustande. Da Energieniveaus und damit die Energie der Photonen spezifisch flr jedes
Element sind, kdnnen Elemente lber die Wellenlange der emittierten Strahlung identifiziert
werden (qualitative Analyse). Die Emissionsintensitat ist proportional zur Anzahl der Atome,
wodurch eine quantitative Analyse moglich ist.[122] Die Detektion der Strahlung kann
entweder an der Spitze der Plasmafackel (axiale Plasmabeobachtung) oder seitlich der

Plasmafackel (radiale Plasmabeobachtung) erfolgen.[121]

Da die Ubergange zwischen verschiedenen Energieniveaus stattfinden kénnen, haben einige
Elemente im Plasma sehr viele Emissionslinien. Fur die Analyse muss eine Emissionslinie mit
geeigneter Empfindlichkeit und ohne spektrale Stérungen durch Emissionslinien anderer

Elemente ausgewahlt werden.[121]
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In dieser Arbeit wurde ein iCAP 7600 Duo ICP-OES Spektrometer von Thermo Fisher
Scientific verwendet, welches mit einem Echelle-Spektrometer und einem CID-Detektor
ausgestattet ist. Es ist sowohl eine axiale als auch eine radiale Plasmabetrachtung maoglich.

4.1.2. Massenspektrometrie mit induktiv gekoppeltem Plasma

In der Massenspektrometrie werden die im Plasma gebildeten lonen detektiert. In dieser Arbeit
wurde ein Agilent 7900 ICP-MS Gerat verwendet, dessen Aufbau im Folgenden kurz
beschrieben ist. Die im Plasma erzeugten lonen werden Uber das Interface in ein Hochvakuum
Uberfuhrt.[123] In der lonenoptik werden die lonen durch sogenannte lonenlinsen durch
elektrostatische Felder fokussiert [124] und in eine Kollisionszelle mit Oktopol geleitet, welche
der Beseitigung von Stérungen (siehe unten) dient.[123] Im darauf folgenden Quadrupol, der
als Massenanalysator dient, werden die lonen nach ihrem Masse-zu-Ladung-Verhaltnis (m/z)
getrennt. lonen mit dem zu analysierenden m/z-Verhaltnis werden selektiert und gelangen zum
Detektor.[123]

In der ICP-MS konnen verschiedene Interferenzen auftreten. Dazu gehoren isobare

Uberlappungen, doppelt geladene lonen und polyatomare Stérungen.

Die meisten Elemente haben mehrere natlrlich vorkommende Isotope.[125] Wenn zwei
Isotope von unterschiedlichen Elementen eine so &dhnliche Masse aufweisen, dass die
Auflésung des Quadrupols nicht mehr ausreicht um diese voneinander zu trennen, spricht man
von einer isobaren Uberlappung.[126] Das zur Bestimmung des Analyten herangezogene
Isotop kann daher durch ein Isotop eines anderen Elements gestort sein.[125] Mdogliche

Lésungswege zur Vermeidung dieser Stérungen sind:

- Verwendung eines Gerats mit einer héheren Auflésung.[126]

- Messung eines anderen Isotops des Analyten.[125, 126]

- Anwendung einer mathematischen Korrekturgleichung. Dazu wird von dem stérenden
Element zusatzlich ein weiteres, ungestortes Isotop gemessen. Uber das Verhéltnis
der natirlichen Haufigkeit dieser zwei Isotope kann der stérende Signalanteil
berechnet und subtrahiert werden.[125]

Neben einfach geladenen lonen kdnnen sich im Plasma auch doppelt geladene lonen bilden.
Da die Trennung im Quadrupol nach dem m/z-Verhaltnis erfolgt, verhalten sich diese lonen
bei der Trennung wie ein einfach geladenes lon mit der halben Masse.[126] Die Bildung
doppelt geladener lonen kann durch Optimierung der Plasmabedingungen minimiert
werden.[125]

Im Plasma kdnnen Plasmagas, Bestandteile der Probe und Losemittel miteinander reagieren

und polyatomare lonen bilden. Bei gleicher Ladung verhalt sich ein polyatomares lon bei der
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Trennung im Quadrupol wie ein einatomiges lon, das eine Masse wie die Gesamtmasse des
polyatomaren lons aufweist. Dies fuhrt zu einer Interferenz auf dem Signal des einatomigen
lons.[126] Zur Beseitigung dieser Stérungen wurde die Kollisions-/Reaktionszelle entwickelt,
in der sich ein Oktopol befindet, der unter anderem zur Fokussierung der lonen dient.[127] In
die Zelle wird eine geringe Menge eines Gases eingeleitet, welches mit den polyatomaren
lonen interagiert. Reaktive Gase reagieren mit den polyatomaren lonen, z.B. durch
Neutralisation der Ladung durch Ladungsaustausch (Hz, NHs), Oxidation (O2, N>O) oder
Anlagerung (CH4), wodurch jeweils eine Veranderung des m/z-Verhaltnisses erreicht
wird.[128] Aber auch mit nicht reaktiven Gasen wie z.B. He konnen Stdrungen beseitigt
werden. Dabei wird der Effekt der kinetischen Energiediskriminierung durch Kollisionen
genutzt. Ein polyatomares lon erfahrt durch seinen gréReren Wirkungsquerschnitt mehr
Kollisionen mit dem zugefuhrten Gas als ein einatomiges lon mit der gleichen Masse. Dadurch
nimmt die kinetische Energie des polyatomaren lons starker ab. Am Ende der Kollisionszelle
befindet sich eine Potentialbarriere, die durch das Einstellen unterschiedlicher Vorspannungen
an Oktopol und dem darauf folgenden Quadrupol erreicht wird. Die Barriere kann nur von den
schnelleren einatomigen lonen Uberquert werden, nicht jedoch von den langsameren

polyatomaren lonen.[127, 129]

4.2. Rontgenfluoreszenzanalyse

Neben der ICP-OES und der ICP-MS wird auch die Rontgenfluoreszenzanalyse (RFA) haufig
zur Multielementanalyse von Mullverbrennungsriuckstanden eingesetzt.[24, 32, 112, 119] Eine
spezielle Variante der RFA ist die Totalreflexions-Rontgenfluoreszenzanalyse (TRFA), die
gegenlber der klassischen RFA mehrere Vorteile bietet, jedoch nur selten zur Analyse von

Muillverbrennungsrickstanden angewendet wird.[130-134]

Beiden Verfahren liegt das gleiche physikalische Prinzip zugrunde. Die Probe wird mit
Rontgenstrahlung  bestrahlt, wodurch kernnahe Elektronen aus den Atomen
herausgeschlagen werden. Dabei muss die Energie der Rontgenstrahlung grofRer sein als die
Bindungsenergie des Elektrons, da sowohl die Bindungsenergie als auch kinetische Energie
zum Verlassen des Atoms aufgewendet werden muss. Die entstehenden Liicken werden von
Elektronen aus hoheren Schalen aufgefiillt und die Energiedifferenz zwischen den beteiligten
Energieniveaus wird als elementcharakteristische Rdntgenstrahlung freigesetzt. Die
charakteristischen Linien im Rdntgenspektrum werden in Serien eingeteilt, welche nach der
Schale bezeichnet werden, in die das Elektron tibergeht (K-, L- oder M-Serie). Ein tiefgestellter
griechischer Buchstabe gibt Uber die Differenz der Hauptquantenzahlen der beteiligten
Schalen an, aus welcher Schale das nachriickende Elektron stammt. Die Kq-Linie entsteht
beispielsweise durch den Ubergang eines Elektrons von der L- in die K-Schale, die Kg-Linie

durch einen Ubergang von der M- in die K-Schale. Jede Serie besteht daher aus mehreren
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Linien, welche durch unterschiedliche Ubergangswahrscheinlichkeiten unterschiedlich intensiv
sind. Die a-Linien haben die starkste Intensitat, da dieser Ubergang am haufigsten auftritt.
Rontgenfluoreszenzanalyse eignet sich nicht fur leichte Elemente, da bei diesen der Auger-
Effekt Uberwiegt. Dabei handelt es sich um einen strahlungslosen Ubergang, der einen

Konkurrenzvorgang zur Fluoreszenzemission darstellt.[135]

Im Folgenden wird zunéchst kurz auf die klassische RFA eingegangen und anschliel3end

genauer auf die Besonderheiten der TRFA.

4.2.1. Klassische Rontgenfluoreszenzanalyse

Bei der klassischen Rontgenfluoreszenzanalyse wird aus der Probe z.B. eine Press- oder
Schmelztablette hergestellt, eine Analyse von Flissigkeiten ist jedoch auch moglich.[135] Die
Probe wird mit Rontgenstrahlung unter einem Einfallswinkel von etwa 45° bestrahlt und die
emittierte Rontgenfluoreszenz in einem Winkel von etwa 45° detektiert.[136] In Abbildung 6a
ist der Aufbau eines RFA-Spektrometers schematisch gezeigt. Bei der energiedispersiven
RFA (ED-RFA) wird die Energie der emittierten Rontgenphotonen gemessen, beispielsweise
mit einem Halbleiterdetektor. Bei der wellenlangendispersiven RFA (WD-RFA) wird die
emittierte Rontgenfluoreszenz durch Beugung an einem Kristall in die einzelnen Wellenlangen
aufgespalten und anschlieBend z.B. mit einem Gasdurchfluss- oder Szintillationszahler
detektiert.[135]

a) RFA b) TRFA

ED-RFA: Detektor
WD-RFA: Wellenlangenaufspaltung
und Detektor

primérer
Rontgenstrahl Rontgen- Detektor
fluoreszenz ’
’ .
rimarer 5 -
45° p 90° f Rontgen

,’ 45 Roéntgenstrahl fluoreszenz

<0.1° totalreflektierter
Roéntgenstrahl

Probe totalreflektierender
Trager mit Probe

Abbildung 6: Messgeometrie bei der RFA (a) und der TRFA (b) (eigene Darstellung, angelehnt an [136],
[135] und [137]).

Bei der quantitativen Auswertung von RFA-Spektren stellen Matrixeffekte eine der

Hauptschwierigkeiten dar. Matrixelemente kdnnen sowohl die Anregungsstrahlung als auch
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die Fluoreszenzstrahlung absorbieren oder streuen. Dies hat eine Abschwachung der
Fluoreszenzintensitat des Analyten zur Folge. Die Fluoreszenzstrahlung von Matrixelementen
kann auf3erdem zusatzlich zur Anregungsstrahlung den Analyten anregen, wodurch es zu
einer Verstarkung des Analytsignals kommt. Um Fehler durch Matrixeffekte zu vermeiden,
kénnen beispielsweise Standardproben verwendet werden, die eine mdglichst &hnliche
Zusammensetzung wie die Realprobe haben.[135]

4.2.2. Totalreflexions-Rontgenfluoreszenzanalyse

Die TRFA ist eine Variante der ED-RFA und unterscheidet sich von dieser hauptsachlich in
der Probenvorbereitung und der Anregungs- und Messgeometrie. Die Probe wird als diinne
Schicht auf einen totalreflektierenden Probentrédger aufgebracht. Der anregende
Rontgenstrahl trifft in einem sehr flachen Winkel auf die Probe, sodass dieser am Probentrager
totalreflektiert wird (Abbildung 6b). Der Einfallswinkel entspricht dabei dem Ausfallswinkel. Die

emittierte Rontgenfluoreszenz wird in einem Winkel von 90° detektiert.[135, 137]

Durch Interferenz der ein- und ausfallenden Roéntgenstrahlen bildet sich ein Feld stehender
Wellen Uber der Oberflache des Probentrdgers oder innerhalb einer darauf befindlichen
dinnen Schicht. Knoten und Wellenlange dieser stehenden Wellen sind dabei vom
Einfallswinkel abhangig. Dieser Zusammenhang ist in Abbildung 7 schematisch dargestellt. An
den Knoten ist die Amplitude der Welle Null und damit die Feldstarke Null. An den
Schwingungsbauchen ist die Amplitude der Welle maximal und damit auch die Feldstarke
maximal. Das Feld der stehenden Wellen ist somit inhomogen und die Anregung und damit
die Intensitdt der emittierten Rontgenfluoreszenz von der Lage der Knoten und

Schwingungsbauche abhangig, was durch den Einfallswinkel verandert werden kann.[137]

 m—

\

Abbildung 7: Schematische Darstellung des Felds stehender Wellen tber einer Oberflache und
Veranderung mit dem Einfallswinkel. Die Schwingungsknoten sind in weil3 und die Schwingungsbauche
in schwarz dargestellt. Abbildung aus Ref. [137]. Abdruck mit Genehmigung (siehe Kapitel 7.5).
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Im Bereich der Totalreflexion ist die Eindringtiefe der Rontgenstrahlung in die Oberflache nur
gering und klingt unterhalb der Oberflache als evaneszente Welle exponentiell ab.[135, 137]
Dadurch sind die Compton- und Rayleigh-Streuung und Matrixeffekte reduziert. Im Vergleich
zur RFA ist dadurch der spektrale Untergrund geringer, das Signal-Rausch-Verhaltnis besser

und die Nachweisgrenzen sind kleiner.[135]

Die Fluoreszenzausbeute ist von der Kernladungszahl abhangig und nimmt mit dieser zu.
Auch bei gleicher Konzentration unterscheidet sich folglich die Intensitat der emittierten
Rontgenfluoreszenz bei verschiedenen Elementen. Fir eine quantitative Auswertung missen
die Sensitivitaiten der einzelnen Elemente relativ zueinander bekannt sein. Die relativen
Sensitivitaten sind neben der Kernladungszahl auch von der Anregungsart und dem genauen
Gerateaufbau abhangig. Werden Veranderungen z.B. an Réntgenréhre, Spannung, Filter oder
Monochromator vorgenommen, missen die relativen Sensitivititen wieder neu bestimmt
werden. Die relativen Sensitivitaten werden mit Standardldsungen der Elemente bestimmt. Um
Elemente in einer Probe quantitativ zu bestimmen, muss aul3erdem ein interner Standard mit
bekannter Konzentration zugegeben werden, Gber den die Konzentration eines Analyten mit

nachfolgender Formel berechnet werden kann:[137]

_ Ne/Sy
Nis/Sis s

Cx

Dabei sind ¢, N und S Konzentration, Nettointensitat und relative Sensitivitdt des Analyten x

bzw. des internen Standards is.

Mittels TRFA kdnnen sowohl Feststoffe als auch Flussigkeiten gemessen werden. In der
Literatur sind zahlreiche verschiedene Probenvorbereitungsmethoden beschrieben. Je nach
Art der Probe kann die Probenvorbereitung auf sehr unterschiedliche Weise erfolgen. Eine
umfangreiche Ubersicht hierzu wurde von De La Calle et al. [138] erstellt. Im Folgenden

werden gangige Probenvorbereitungsmethoden fiir Feststoffe beschrieben.

Losliche Feststoffe kdénnen in einem geeigneten Losungsmittel gelést und auf den
Probentrager aufgebracht werden.[139-141] Feststoffe wie Lippenstift [142] oder
Farbpigmente von antiken Gemadlden [143] konnen auch direkt auf den Probentrager
aufgebracht werden. Haufig werden Proben jedoch mineralisiert, meist durch Séaureaufschluss
[144, 145] oder mikrowellenunterstitzten S&ureaufschluss [146, 147]. Alternativ kdnnen
Feststoffe auch als Suspension aufgetragen werden.[148-150] Die Probe wird dazu in der
Regel gemahlen und als Suspensionsmedium wird haufig Wasser [148-152] oder auch
verdinnte S&ure [153] eingesetzt. Zusatzlich werden haufig Tenside oder
Stabilisierungsreagenzien wie Triton X-100 [151, 154], Polyethylenimin [155] oder
Polyvinylalkohol [156] zugesetzt. Um Sedimentierung zu vermeiden und eine homogene

Suspension zu erhalten, werden die Suspensionen haufig mit Ultraschall behandelt [150-152,
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155] oder anderweitig homogenisiert, z.B. durch Rihren [153] oder mit einem Vortexmischer
[154]. Die auf den Probentrager aufgebrachten Tropfen werden anschliel3end eingetrocknet,
z.B. auf einer Heizplatte [153]. Millverbrennungsflugaschen werden fir die Analyse mittels

TRFA meist aufgeschlossen [130-133], seltener suspendiert [134].
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5. Zusammenfassungen der Publikationen

5.1. Publikation 1. ,,Quantification of main and trace metal components in
the fly ash of waste-to-energy plants located in Germany and Switzerland:
An overview and comparison of concentration fluctuations within and

between several plants with particular focus on valuable metals“

In dieser Publikation wurden die Konzentrationen an Haupt- und Spurenelementen in
Flugaschen umfassend untersucht. Anhand von Monatsmischproben, die jeweils aus
mindestens einer Tagesstichprobe hergestellt worden waren, wurden 61 Elemente in
Flugaschen aus 2 schweizerischen Anlagen (A und B) sowie aus 6 deutschen Anlagen (C-H)
bestimmt. Fur die Anlagen A und B wurden jeweils 2 bzw. 3 Mischproben von verschiedenen
Monaten untersucht, um Unterschiede in der Elementzusammensetzung zwischen

verschiedenen Monaten zu sehen.

Die Proben wurden mikrowellengestitzt mit HNOs, HCI und HF druckaufgeschlossen und
mittels ICP—-OES und ICP-MS analysiert. Fir einen Grof3teil der Elemente konnten die
Ergebnisse anhand von Referenzmaterialien oder durch die Bestimmung mit zweli

unabhangigen Methoden validiert werden.

Die Elementkonzentrationen in den verschiedenen Flugascheproben waren relativ &hnlich.
Auch die Unterschiede zwischen den verschiedenen Monatsmischproben der Anlagen A und

B waren vergleichsweise gering.

Um einen genaueren Einblick in die zeitlichen Schwankungen der Gehalte an Zn, Pb, Cu, Cd,
Sb und Sn in den Anlagen A und B zu erhalten, sind die Konzentrationen in
Wochenmischproben tber den Zeitraum von knapp 3 Jahren gezeigt. Diese Analysen werden
routinemafig in den Millverbrennungsanlagen mit ED—XRF durchgefiihrt. Die Daten wurden
fur die Publikation bereitgestellt. Die Konzentrationen der betrachteten Elemente wiesen im

betrachteten Zeitraum nur geringe Schwankungen auf.

Ein Teil der in dieser Publikation beschriebenen Flugascheproben wurden fir die

weitergehenden Studien in den Publikationen 2 und 3 verwendet.

Eigener Beitrag:

- Durchfiihrung und Auswertung der in den Kapiteln 2.2, 2.3 und 2.4 der Publikation
beschriebenen Experimente (ausgenommen der REM/EDX-Messungen)

- Schreiben der Publikation
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5.2. Publikation 2: ,,Solubility of elements in waste incineration fly ash and
bottom ash under various leaching conditions studied by a sequential

extraction procedure*

In dieser Publikation wurde mit einer 7-stufigen sequentiellen Extraktion das
Ldslichkeitsverhalten von 37 Elementen in zwei Flugascheproben aus Anlagen A und C und
in einer Schlackeprobe (Feinfraktion <0.3 mm) aus Anlage B untersucht und verglichen. Eine
Flugascheprobe aus Anlage B wurde dariber hinaus fiir ein ergédnzendes Experiment
verwendet. Ziel der sequentiellen Extraktion war dabei nicht die Bestimmung der
Bindungsformen der Elemente, sondern einen detaillierten Einblick in die zum Losen eines
Elements notwendigen Extraktionsbedingungen zu bekommen. Das angewendete
Extraktionsverfahren ist hinsichtlich dieses Ziels entwickelt worden. Eine Ubersicht tber die
einzelnen Extraktionsschritte ist in Tabelle 4 gegeben.

Tabelle 4: Ubersicht tiber die 7 Extraktionsschritte der sequentiellen Extraktion.

Extraktionsschritt Gelbste Fraktion Verwendete Extraktionsreagenzien
1 Wasserléslich bei alkalischem pH Wasser
2 Wasserléslich bei neutralem pH Wasser, Neutralisation auf pH=7 mit Essigsaure
3 lonenaustausch MgCl2
4 Saureldslich Essigsaure, pH=3
5 Reduzierbar NH20H-HCI, pH=3 mit Essigséure
6 Oxidierbar H202, pH=3 mit HNOs
7 Ruckstand Aufschluss mit HNO3s, HCI und HF

Es wurde festgestellt, dass das Extraktionsmuster von allen drei Proben sehr ahnlich war.
Sogar Elemente wie Zn, Cd, Sb, Pb und Bi, die in deutlich niedrigerer Konzentration in der
Schlacke vorhanden waren, zeigten ein vergleichbares Ldslichkeitsverhalten wie in den
Flugaschen. Auffallig war zudem das sehr &hnliche Ldslichkeitsverhalten der seltenen Erden
untereinander. Nur die Alkalielemente Li, Na, K und Rb waren in der Schlacke lediglich zu 10—
25% wasserldslich, wahrend sie in den Flugaschen eine sehr hohe Wasserlgslichkeit zeigten
(Li ca. 60-80%; Na, K, und Rb ca. 90%).

Wahrend Schritt 1 war bei Suspensionen mancher Flugaschen ein pH-Anstieg von neutral zu
alkalisch (pH ca. 10-11) Uber mehrere Stunden zu beobachten. Ein Monitoring der
Elementkonzentrationen wahrend des Anstiegs zeigte, dass die Elemente Cd, Tl, Zn, Pb und
Ba zum Grol3teil oder vollstandig bei alkalischem pH ausfallen. Der geldste Anteil an Cd und
Tl beispielsweise betragt anfangs bei noch neutralem pH je nach Probe 69%/57% (Cd) bzw.
87%/94% (TI) und fallt im Alkalischen auf 0%/0% (Cd) bzw. 23%/31% (TI) ab. Nur fir Mo wurde

ein signifikanter Konzentrationsanstieg mit steigendem pH beobachtet.
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In Schritt 2 wurden die immer noch stark alkalischen Suspensionen auf pH=7 neutralisiert. Die
ausgefallenen Tl-Verbindungen konnten nur in vernachlassigbaren Mengen wieder geldst
werden und auch von den ausgefallenen Cd-Verbindungen war nur ein geringer Teil im
Neutralen l8slich. Schritt 2 diente auRerdem dazu sicherzustellen, dass sich in Schritt 3 keine
Elemente aufgrund von pH-Unterschieden zum vorangegangen Schritt I6sen und dadurch eine

Aussage Uber lonenaustauschprozesse verhindern.

Der lonenaustausch in Schritt 3 wurde mit MgCl, durchgefihrt. Ein Vergleich mit MgNO3 ergab,
dass das Losen von Cd und Ag in diesem Schritt ausschlieB3lich auf die Chloride in MgCl,
zurtickzufuihren war und nicht auf lonenaustausch durch Mg?*. Neben Cd und Ag lésten sich
in diesem Schritt hauptséchlich andere Erdalkalielemente, was auf lonenaustausch

zurlckgefihrt wurde.

In den Schritten 4—6 wurde stets der gleiche pH eingestellt, um die in Schritt 5 und 6 geldsten
Mengen eindeutig auf Reduktions-/Oxidationsprozesse zurlickfihren zu kénnen. Durch den
Vergleich von NH,OH-HCI mit NaCl in Schritt 5 wurde festgestellt, dass nur wenige Elemente
wie z.B. Fe und V tatsachlich durch Reduktion gelést wurden und auch in diesem Schritt die
Chloride in NH,OH-HCI einen starken Einfluss haben. Weiterhin wurde gezeigt, dass die

Reihenfolge von Schritt 5 und 6 vertauschbar ist.

Durch Trocknen zwischen den einzelnen Extraktionsschritten wurde die Gesamtmasse
bestimmt, die sich in den einzelnen Schritten l6st. Bei den zwei Flugaschen wurde hier
ebenfalls eine sehr groBe Ubereinstimmung beobachtet. Der wasserlgsliche Anteil der

Schlacke war mit nur 7% deutlich geringer als der von den Flugaschen (ca. 45%).

Die Summe (ber alle Extraktionsschritte stimmte sehr gut mit den Analyseergebnissen (siehe

Publikation 1 fur die Analysenergebnisse der Flugaschen) der Proben lberein.

Eigener Beitrag:

- Entwurf des Versuchskonzepts und Planung der Experimente

- Entwicklung des angewendeten sequentiellen Extraktionsverfahrens aus bestehenden
Verfahren in der Literatur sowie Optimierung der einzelnen Extraktionsschritte

- Durchfiihrung eines Teils der Experimente

- Interpretation der Ergebnisse

- Schreiben der Publikation
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5.3. Publikation 3: ,,Digestions vs. suspensions: The influence of sample
preparation on precision and accuracy in total-reflection X-ray

fluorescence analysis by the example of waste incineration fly ash*

In dieser Publikation wurden verschiedene Probenvorbereitungsmethoden zur TRFA Analyse
von Flugaschen untersucht und hinsichtlich Prézision und Richtigkeit verglichen. Fir die
Experimente wurde exemplarisch die Flugascheprobe aus Anlage C verwendet. Gegenstand
der Studie waren die Elemente K, Ca, Ti, Mn, Fe, Cu, Zn, Rb, Sr, Pb und Br.

Es wurden die Ergebnisse von Aufschlusslésungen (siehe Publikation 1) und Suspensionen
verglichen. Bei den Aufschlusslésungen wurden unter anderem verschiedene interne
Standards verwendet und der Einfluss eines Tensids getestet. Bei den Suspensionen wurden
unter anderem die Ergebnisse ungemahlener und gemahlener Flugasche sowie verschiedene
Suspendiermedien (Wasser und 1% HNO3) verglichen. Von jeder Losung bzw. Suspension
wurden stets 10 Aliquote gemessen. Die Streuung der Ergebnisse diente als Mal3 fur die
Prazision und anhand der Ubereinstimmung des Median mit den ICP-OES bzw. ICP-MS
Analysenergebnissen (siehe Publikation 1) wurde die Richtigkeit beurteilt. Eine Ubersicht des

experimentellen Vorgehens ist in Abbildung 8 dargestellit.

Ca Zn Tl Digestion Suspensi sion?
Fe g pension Precision’
s Mn Br Accuracy?
K Pb
Rb ' Cu
5 10 15
Energy (keV)
Internal standard? Silicon wafer with TXRF spectra
Fly ash Surfactant? sample spots
Grinding?

Suspension liquid?

Abbildung 8: Grafische Zusammenfassung der Experimente (Graphical abstract der Publikation).

Abdruck mit Genehmigung (siehe Kapitel 7.3).

Es wurde festgestellt, dass die Probenvorbereitung die Prézision und Richtigkeit der Messung
stark beeinflusst. Die Ursachen fur geringe Prazision und Abweichungen von den ICP-OES

bzw. ICP-MS Analysenergebnissen wurden identifiziert und eingehend untersucht.

Bei der Messung der Aufschlussldsungen wurde eine inhomogene Tiefenverteilung der
Elemente innerhalb der Probenspots als Ursache fir geringe Prazision und/oder Richtigkeit

identifiziert. Dies konnte durch Winkelscans nachgewiesen werden und konnten je nach Analyt
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durch die Zugabe eines Tensids und/oder durch Verwendung eines anderen internen
Standards vermieden werden. Das Auftreten einer inhomogenen Tiefenverteilung von
Elementen in einem Probenfleck erwies sich als schwer vorhersagbar, weshalb stets
Winkelscans zur Validierung von Messergebnissen in der Methodenentwicklung angewendet

werden sollten.

Bei wassrigen Suspensionen aus ungemahlener Flugasche wurde eine Unterbestimmung fir
manche Analyten beobachtet, insbesondere fur Ca, Ti, Mn, Fe und Sr. Dies konnte zum
Grofteil auf Absorptionsverluste der Rontgenstrahlung in groReren Partikeln zurtickgefuihrt
werden. Durch ein vorheriges Mahlen der Flugasche konnte dieser Fehler fur alle Elemente
behoben werden. Es wurde gezeigt, dass alternativ zum Mahlen der Flugasche 1% HNOs3
anstelle von Wasser als Suspensionsmedium verwendet werden kann, um grol3e Partikel
durch Auflésung zu vermeiden. Nur fur die Elemente Ti und Fe war diese Methode nicht
ausreichend und ein Mahlen der Flugasche notwendig, um prazise und richtige Ergebnisse fur

diese Analyten zu erhalten.

Mit einer optimierten Probenvorbereitung fur Suspension und Aufschluss konnte mit beiden
Methoden eine vergleichbare Prazision erreicht werden, welche mit der Gerateprazision, die
durch 10-malige Messung eines Probenflecks bestimmt wurde, vergleichbar war. Folglich sind

aufwendige Aufschliisse der Flugaschen nicht notwendig.

Auf die Bestimmung von Br wurde gesondert eingegangen. Bromid verflichtigt sich in
Anwesenheit von S&ure als HBr, weshalb die Bestimmung von Br in neutralem Medium

erfolgen muss.

Erganzend wurden ausgewahlte Probenflecken mit einem Lichtmikroskop aufgenommen, um
die deutlichen optischen Unterschiede zu zeigen, welche sich aus den verschiedenen

Probenvorbereitungsmethoden ergeben.

Eigener Beitrag:

- Entwurf des Versuchskonzepts
- Planung und Durchfihrung der Experimente
- Auswertung und Interpretation der Ergebnisse

- Schreiben der Publikation

Vorarbeiten zu dieser Publikation waren Teil meiner Masterarbeit [157]. Das Versuchskonzept
und die durchgefuhrten Experimente in der Publikation bauen auf ersten grundlegenden

Erkenntnissen aus der Masterarbeit auf.
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6. Schlussfolgerungen und Ausblick

Diese Arbeit gibt einen umfassenden Einblick in die Elementgehalte in Flugaschen
einschliel3lich enthaltener Spurenelemente und seltener Erden. Die Analysenergebnisse
tragen zur Verbesserung der Datenlage insbesondere fir Flugaschen aus deutschen
Mullverbrennungsanlagen bei und zeigen deren Wertstoffpotential auf. Insbesondere im
Hinblick auf die gro3en anfallenden Mengen an Flugasche sind die Konzentrationen einiger
Wertmetalle nicht zu vernachlassigen. Daher ist eine Erweiterung und Intensivierung der
Riuckgewinnung mit bestehenden Verfahren sowie die Entwicklung neuer Verfahren in der

Zukunft anzustreben.

Fur die Entwicklung von Verfahren, die auf der Riickgewinnung von Elementen aus Lésungen
beruhen, bieten die umfangreichen Daten der sequentiellen Extraktion in dieser Arbeit eine
Hilfestellung. Die Daten geben einen detaillierten Einblick in die Loéslichkeit der einzelnen

Elemente und in die Bedingungen, die zur Extraktion notwendig sind.

Durch die zunehmende Rohstoffverknappung wird die Nutzung von Sekundarrohstoffquellen
wie beispielsweise von Miullverbrennungsrickstanden in den kommenden Jahrzehnten
notwendig werden. Im Zuge dessen wird auch eine zuverlassige Elementanalytik an
Bedeutung gewinnen. Wie in dieser Arbeit gezeigt, stellt die TRFA fiir einige Elemente eine
geeignete Alternative zu den Standardmethoden RFA, ICP-OES und ICP-MS dar. Die
Probenvorbereitung fiir die TRFA Analyse weist zwar einige mogliche Fehlerquellen auf,
welche in dieser Arbeit aber umfassend aufgezeigt wurden und vermieden werden kénnen.
TRFA Gerate bendétigen keine aufwendige Laborinfrastruktur wie eine Gasversorgung und
moderne Gerate wie beispielsweise das Modell S4 T-STAR von Bruker [158] bendétigen auch
keinen flussigen Stickstoff zur Kiihlung des Detektors mehr und die Réntgenréhre kann mit
Luft statt mit Wasser gekihlt werden. Auch die Probenvorbereitung ist mit wenig Aufwand
verbunden und wie in dieser Arbeit gezeigt mussen keine Aufschlisse mit Flusssaure
durchgefuhrt werden, wodurch die dafiur notwendigen Sicherheitsvorkehrungen entfallen.
Dadurch ware ein Einsatz der TRFA direkt vor Ort in den Millverbrennungsanlagen zur
Routineanalyse der Verbrennungsrickstéande denkbar. Das analysierbare Elementspektrum
konnte durch Anwendung einer anderen Anregungsstrahlung (z.B. W-Anregung) noch

erweitert werden.

In Mullverbrennungsriickstanden steckt noch ein grof3es Potential, fir dessen Nutzung aber
noch weitere Forschungsarbeit notwendig ist. Eine umfangreiche Elementanalytik wie in dieser
Arbeit bildet dafur die Grundlage.
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ABSTRACT

The elemental composition of fly ash from six waste-to-energy (WTE) plants in Germany and two WTE
plants in Switzerland were analyzed. Samples were taken daily over a period of one month and mixed
to a composite sample for each German plant. From two Swiss plants, two and three of these composite
samples, respectively, were collected for different months in order to assess temporal differences
between these months. In total, 61 elements, including rare earth elements, were analyzed using ICP-
OES and ICP-MS. The analysis method was validated for 44 elements either by reference materials
(BCR 176R and NIST 1633c) or analysis with both methods. Good recoveries, mostly +10%, and high agree-
ments between both methods were achieved. As long as no additives from flue gas cleaning were mixed
with the fly ash, quite similar element contents were observed between all of the different incinerators.
For most elements, the variations between the different months within the two Swiss plants were lower
than differences between various plants. Especially main components show low variations between dif-
ferent months. To get a more detailed insight into temporal fluctuations within the mentioned Swiss
plants, the concentrations of Zn, Pb, Cu, Cd, Sb, and Sn are presented over a period of three years (Jan.
2015 — Oct. 2017). The concentration profiles are based on weekly composite samples (consisting of daily
taken samples) analyzed by the routine control of these plants using ED-XRF. The standard deviations of
the average concentrations were around 20% over the three years for the regarded elements. The fluctu-
ations were comparable at both plants. Due to the relatively low temporal concentration fluctuations
observed within the plants, fly ash would be a continuous and constant source of secondary raw mate-
rials. Beside Zn, Pb, Cu, and Cd, which were already recovered on an industrial scale, Sb, Sn, and Bi also
show a high potential as secondary raw material due to the high concentration of these elements in
fly ash.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

the ultimate disposal of fly ash (Huang et al., 2007; Karlfeldt
Fedje et al.,, 2010). Economic utilization is not found on a large

Fly ash from grate-based waste-to-energy (WTE) plants has
been the subject of many studies in the last few decades. Most of
these studies address the toxic potential of this substance group,
which results from its high contents of heavy metals and highly
toxic organic compounds. In this context, e.g. the leaching behavior
of harmful substances from fly ash into the environment has been
extensively studied because landfilling is a common practice for

* Corresponding author.
E-mail address: jasmin.haberl@tum.de (J. Haberl).

https://doi.org/10.1016/j.wasman.2018.02.015
0956-053X/© 2018 Elsevier Ltd. All rights reserved.

44

scale, but a few possible applications, such as use in construction
materials as an additive, are increasingly discussed (Ferreira
et al.,, 2003; Lam et al., 2010).

At the Kebag WTE plant in Zuchwil, Switzerland, an industrial
process for the recovery of Zn, Pb, Cu, and Cd from fly ash has been
established, which was first described by Schlumberger et al.
(2007). Within the now commercially offered Valuable Metal
Recovery Process (FLUREC, BSH, Sursee, Switzerland), high-purity
Zn (>99.995%) is recycled from fly ash in various separation stages.
The FLUREC process also awaked interest from other countries,
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Austria as an example (Fellner et al., 2015) to evaluate the poten-
tial and economic viability of Zn recovery from different waste
incineration residues. Furthermore, Purgar et al. (2016) focused
on the question of whether the FLUREC process is applicable to
fly ashes from four WTE plants in Vienna. In addition to analysis
of the contents of Zn, Pb, Cu, and Cd in fly ash from four WTE plants
in Vienna from 2009 to 2012, the Zn flow was investigated by a
material flow analysis.

Apart from this, little attention has been paid to precious metals
that are also contained in fly ash. Morf et al. (2013) studied the
resource potential of precious metals and rare earth elements in
the waste input and their partitioning into recyclable fractions
and residues at the Kezo WTE plant in Hinwil, Switzerland.

The utilization of fly ash as a source for secondary raw materials
is not only desirable in terms of resource recovery, but also for
environmental reasons. The volume of fly ash, and thus the volume
of hazardous waste that needs to be stored in landfills, would be
reduced and this reduces the amount of landfill space needed. Fur-
thermore, the hazardousness is reduced by removal of heavy met-
als. Another aspect is the lower dependency on raw material
imports because the main production of most critical raw materi-
als, according to the European Commission (2017), is from China.

Data from the analytical composition of fly ash from WTE plants
exists almost exclusively for toxic elements and some of the main
components (Derie, 1996; Fermo et al., 1999; Hong et al., 2000a;
Hong et al., 2000b; Li et al., 2004; Mangialardi et al., 1999; Wu
and Ting, 2006). Very little information is available about the con-
tent of rare earth elements in fly ash. This insufficient and frag-
mentary data situation complicates a comprehensive evaluation
and comparison of the true resource potential for fly ash from
WTE plants. Especially for fly ash originating from German WTE
plants, no data relating to detailed compositions is available. More
detailed data on the fly ash from Swiss WTE plants can be found in
a recent publication, which contains data for 18 metals from three
different plants (Weibel et al., 2017).

In general, the representativeness of the analyzed fly ash sam-
ple is usually not specified for the entirety of fly ash arising from
a specific WTE plant. Most of the available data is likely based on
randomly acquired daily samples excluding deviations that might
be caused by spatial and temporal fluctuations of the waste input
streams, thereby affecting the elemental composition of the fly
ash. To obtain representative results, the analyses in this work
were carried out with composite samples consisting of daily taken
samples. Furthermore, no detailed studies regarding temporal fluc-
tuations in element concentrations in WTE plants are currently
available. Under the aspect of a possible use of fly ash as secondary
raw material, it is important to know, whether the respective ele-
ments arise in constant quantities and moreover whether the
matrix is subject to strong fluctuations. Therefore, the concentra-
tions of some selected elements (Zn, Pb, Cu, Cd, Sb, Sn) in the fly
ash from two plants are presented over a period of three years.

Much of the available data was obtained several years ago;
therefore, the data is now out of date. Combustion technologies
and/or waste compositions may have changed over the years,
which may result in changes to the elemental composition of the
fly ash. Due to this fact, updated information is necessary to pro-
vide an overview of the current resource potential of fly ash
obtained from current waste incineration practices.

2. Material and methods

For all of the experiments, ultrapure water (UPW), obtained
from the Direct-Q® 5 UV (Merck Millipore, Darmstadt, Germany)
water purification system, was used. For sample digestion and sta-
bilization, the following acids were used: nitric acid (65% for anal-

ysis, Merck, Darmstadt, Germany), hydrochloric acid (30%
suprapure, Merck, Darmstadt, Germany), hydrofluoric acid (47%
ultrapure, VWR, Darmstadt, Germany), and boric acid (suprapure,
Merck, Darmstadt, Germany). Nitric acid was purified by sub-
boiling distillation prior to use. All solutions were prepared and
stored in polypropylene centrifuge tubes. Digestion solutions were
stored in the dark at 6 °C until measurement. The limit of quanti-
tation (LOQ) was calculated according to DIN 32645 (calibration
line method).

2.1. Sample collection

Fly ash was collected at six German and two Swiss grate-based
WTE plants. All WTE plants were operated under normal combus-
tion conditions. The anonymized WTE plants, sampling periods,
daily sampling frequency, approximate waste composition, and
further relevant information are listed in Table 1.

The flue gas cleaning processes and the combination of the flue
gas cleaning components from the investigated WTE plants were
different according to the technical requirements of each plant.
From the Swiss WTE plants (A and B) and from plant C, fly ash sam-
ples were taken out of an intermediate storage silo that contained
both boiler ash and ash sparated by an electrostatic precipitator
(ESP). At plant C fabric filter ash was also part of the sampled mix-
ture. At this plant coke and calcium hydroxide were added on the
fabric filters whereby these substances also end up in the fabric fil-
ter ash. The fly ashes from plants D, E, and F were taken at the boi-
ler end either at the ESP or the cyclone. Samples from plants G and
H were taken downstream after a spray absorber injected addi-
tives, separated either by a fabric filter or a combination of cyclone
and fabric filter. Therefore, the additives from the flue gas cleaning
system were mixed with the fly ash at plants G and H. There were
no additional mixtures with boiler ash or other residues.

At each plant, samples were taken one to four times during the
working day over a period of one month and mixed to a composite
sample that was stored in a sealed container, From each composite
sample, a representative sample of 1-5 | was sent to the laboratory
in plastic containers for analysis. At the two Swiss WTE plants,
monthly composite samples were collected from several months
(plant A: two months, plant B: three months) in order to obtain
additional data about differences in elemental composition
between these months.

2.2. Sample preparation

Triplicates of each composite sample were digested for subse-
quent analysis. Before taking samples out of the storage containers,
the containers were rotated around different axis for several min-
utes so as to reverse possible sedimentation caused by differences
in fly ash particle size and density. For each replicate, approxi-
mately 25 random aliquots (about 20 ml in total) were withdrawn
from the composite fly ash sample and combined. The combined
random aliquots were homogenized for 3 min at 350 rpm with a
ball mill (PM 100, Retsch, Haan, Germany) using corundum grind-
ing tools and a 50 ml grinding bowl. After drying on aluminum
pans at 100°C to constant weight (moisture analyzer HES53,
Mettler-Toledo, Columbus, OH, USA), 300 mg of the homogenized
subsample were digested as described below.

As the extractability of elements is different in different acids, a
combination of nitric acid, hydrochloric acid, and hydrofluoric acid
was used for a preferably complete digestion, Aluminosilicates
form a major part of the fly ash matrix (Karstensen and Lund,
1989). Hydrofluoric acid is necessary to dissolve these aluminosil-
icates and elements trapped inside (Bogush et al., 2015). Chang
et al. (2009) report significantly worse recovery rates for several
elements (e.g. Al, Mg, Ba, Cr) for the BCR 176 reference material

45



|. Haberl et al./ Waste Management 75 (2018) 361-371 363

Table 1
Overview of the fly ash samples (MSW = municipal solid waste, CW = commercial waste, SS = sewage sludge, SW = special waste).
WTE plant  Location of WTE plant Sampling period: Daily sampling frequency Waste composition Remarks
month/year
A Switzerland 3/2015 (A1) Min. 3 48% MSW Boiler + ESP ash
7/2015 (A2) Min. 3 50% CW
2% SS
B Switzerland 3/2015 (B1) Min. 3 44% MSW Boiler + ESP ash
7/2015 (B2) Min. 3 36% CW
8/2015 (B3) Min. 3 10% SW
10% SS
C Germany 1/2015 - 22015 1 65% MSW Boiler + ESP + fabric filter ash
35% CW
D Germany 3/2016 3-4 70% MSW ESP ash
30% CW
E Germany 3/2016 3-4 75% MSW ESP ash
25% CW
F Germany 3/2016 3-4 99% MSW Cyclone ash
1% CW
G Germany 3/2016 3-4 No information Fabric filter ash,
additive: lime milk (spray absorber)
H Germany 3/2016 3-4 No information Cyclone + fabric filter ash,

additives: NaHCO; and activated carbon (spray absorber)

if only nitric and hydrochloride acid are used. Instead of hydrochlo-
ric acid, perchloric acid is often used in combination with nitric and
hydrofluoric acid (Chang et al., 2009; Li et al., 2004; Pan et al.,
2013). Hydrochloric acid was used instead, because it is sufficient
to digest the samples (apart from soot particles and formation of
insoluble fluorides by hydrofluoric acid) and because hydrochloric
acid is safer to handle, The microwave-assisted pressure digestion
(Ethos.lab, MLS, Leutkirch, Germany) was conducted in two steps
using PTFE vessels. The applied temperature programs for both
steps are shown in Fig. 1. In the first step, 8 ml nitric acid, 1 ml
hydrochloric acid, and 1.5 ml hydrofluoric acid were added to the
300 mg sample. In addition, a digestion blank was prepared. The
mixtures were heated according to the schedule found in Fig. 1
(step 1). Subsequently, the mixtures were allowed to cool to room
temperature. In the second step, 9 ml saturated boric acid solution
was added and the mixtures were heated again (Fig. 1, step 2).
Boric acid neutralizes the excess hydrofluoric acid to form fluoro-
boric acid, which does not attack glass.

After cooling to room temperature, the digestion solutions were
topped up with UPW to a final volume of 50 ml. Minimal residues
were removed by filtration through a syringe filter (pore size 0.45
um, polyethersulfone membrane, VWR, Darmstadt, Germany). The
digestion residue was characterized as described in Section 2.3.

The reference materials BCR 176R (fly ash collected in the elec-
trostatic filters of a city waste incineration plant) and NIST 1633c
(coal fly ash) were used for method validation and were subjected
to the same digestion procedure as the authentic test samples.

300
o
= 200 1
2
=
g —step 1
5 100 p
[=H
g step 2
0 T T T T
0 10 20 30 40 50

time (min)

Fig. 1. Temperature program for the microwave-assisted pressure digestion (step
1) and the reaction with boric acid (step 2).
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2.3. Characterization of the digestion residues

The digestion residues of two ashes (two different WTE plants)
were investigated by SEM/EDX. For this purpose, three digestion
solutions (including the residues) of each ash were combined.
The residue was then isolated by centrifugation for 5 min at
6000 rpm (Z 206A, Hermle, Wehingen, Germany) and removing
the supernatant. The residue was washed three times with 10-
20 ml UPW and dried overnight in a drying cabinet at 40 °C. After
sputtering with gold, the samples were analyzed by SEM/EDX
(JSM-5900LV, Jeol, Akishima, Japan).

2.4, Analytical measurements

2.4.1. ICP-OES

ICP-OES measurements (iCAP 7600 Duo, Thermo Fisher Scien-
tific, Waltham, MA, USA) were performed on the following ele-
ments: Li, Na, Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As,
Sr, Zr, Mo, Ag, Cd, Sn, Sb, Ba, and Pb. A final concentration of 1
mg/l Europium (Eu;O3 in 5% nitric acid, Alfa Aesar, Karlsruhe,
Germany) was used as the internal standard and analyte signals
were corrected by the intensity of the emission line at 381.967 nm
(diffraction order 88).

For calibration, ICP multi-element standard solutions IV (23
elements in diluted nitric acid, Merck Millipore, Darmstadt,
Germany), XVI (21 elements in diluted nitric acid, Merck Millipore,
Darmstadt, Germany), and XII (8 elements in hydrochloric acid/
hydrofluoric acid/ammonium hydroxide, Merck Millipore, Darm-
stadt, Germany) with added Sn single element standard in equal
concentration (SnCl; in 2 mol/l hydrochloric acid, Merck, Darm-
stadt, Germany) were used.

The digestion solutions were measured at two different dilu-
tions (1:2 in UPW and 1:100 in 3% nitric acid) so that the concen-
trations of all measured elements would lie within the calibration
range. For each of the two digestion dilutions, separate calibration
solutions were prepared, which were adjusted to the respective
dilution as described in the following.

For the 1:2 in UPW diluted digestion solutions, the calibration
solutions were prepared in 6% nitric acid (standard solutions IV
and XVI) and 6% hydrochloric acid (standard solution XII + Sn),
respectively. Preliminary tests revealed that the internal standard
recovery is significantly different in the calibration solutions com-
pared to the 1:2 diluted digestion solutions. Therefore, a final con-
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centration of 1 g/l Ca was added to all calibration solutions, which
were prepared for the 1:2 diluted digestion solutions, in order to
increase the salt content, For this purpose, a corresponding quan-
tity of Ca(NO3), solution (Ca single element standard in 1 mol/l
nitric acid, Bernd Kraft, Duisburg, Germany) was added to all IV
and XVI calibration solutions and a solution of CaCl, (for analysis,
Merck, Darmstadt, Germany) in UPW to all XII +Sn calibration
solutions. Thus, a plasma loading that is comparable to the 1:2
diluted digestion solutions was obtained, leading to a stable inter-
nal standard recovery during the measurement. Ca was chosen for
the matrix adaptation because it is the main component in fly ash.

For the 1:100 in 3% nitric acid diluted digestion solutions, the
calibration solutions were prepared in 3% nitric acid (standard
solution IV) and 3% hydrochloric acid (standard solution XII + Sn),
respectively. The internal standard recovery in the calibration solu-
tions was comparable with the 1:100 diluted digestion solutions.
Therefore, no matrix adaptation was necessary.

Except alkali and alkaline earth metals, which were measured
at a radial plasma observation, all elements were measured at an
axial plasma observation.

2.4.2, ICP-MS

ICP-MS measurements (Agilent 7900, Santa Clara, CA, USA)
were performed for the following elements: Li, Be, Sc, V, Cr, Mn,
Co, Ni, Ga, Ge, Se, Rb, Sr, Y, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd, In, La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Ir,
Pt, Au, T, and Bi.

For calibration, three multi-element standard solutions
obtained from Sigma-Aldrich (St. Louis, MO, USA) were used: Peri-
odic Table Mix 1 for ICP (33 elements in 10% nitric acid), Periodic
Table Mix 2 for ICP (17 elements in 5% hydrochloric acid and 1%
hydrofluoric acid) and Periodic Table Mix 3 for ICP (16 elements
in 5% nitric acid). The digestion solutions were measured at two
different dilutions (1:100 in 3% nitric acid and 1:100 in 3%
hydrochloric acid).

The nitric acid-diluted digestion solutions were calibrated with
Periodic Table Mix 1 and 3. Calibration solutions were prepared in
3% nitric acid. ®'Ru (Aldrich Chemical Company, Milwaukee, WIS,
USA) and '®*Ir (Aldrich Chemical Company, Milwaukee, WIS, USA)
were used as internal standards.

The hydrochloric acid-diluted digestion solutions were cali-
brated with Periodic Table Mix 2. Calibration solutions were pre-
pared in 3% hydrochloric acid. **Eu (Eu,03 in 5% nitric acid, Alfa
Aesar, Karlsruhe, Germany) was used as internal standard.

All elements, except for Li and Be, were measured in helium col-
lision mode to avoid polyatomic interferences. Li and Be were not
measured in helium collision mode because these light elements
experience higher signal loss through helium than other elements
and because no relevant polyatomic interferences exist for Li and
Be.

Se was determined by standard addition, because a significant
overdetermination due to interferences was observed with exter-
nal calibration methods (219% recovery for reference material
BCR 176R and 312% recovery for reference material NIST 1633c).
For standard additions, the ICP multi-element standard solution
XVI(21 elements in diluted nitric acid, Merck Millipore, Darmstadt,
Germany) was used. Solutions were prepared in 3% HNOs. '"'Ru
(Aldrich Chemical Company, Milwaukee, WIS, USA) was used as
internal standard. Only one of the three digestion solutions was
analyzed by standard addition for each fly ash sample.

Due to isobaric interferences from the ''°Sn isotope, ''°In was
determined by application of a mathematical correction equation.
For this purpose, ''8Sn was measured in order to indirectly deter-
mine the amount of overlapping ''>Sn using natural abundance
data. The overlapping amount of ''5Sn can be subtracted and the
equation for In determination is as follows (I = signal intensity):
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natural abundance of '*Sn

1510y R ITaRE]
I(7In) = I(m/z 115) — | I( Sn)natural abundance of 1"8Sn

2.5. Routine monitoring of Zn, Pb, Cu, Cd, Sb, and Sn at plants A and B

The measurements were conducted by the analytical routine
control of plants A and B. The data from Jan. 2015 to Oct. 2017
was kindly provided for this publication. Samples were taken daily
and homogenized to weekly composite samples. These composite
samples were pressed into pellets and analyzed by ED-XRF (Spec-
tro, Xepos, Kleve, Germany) with matrix adjusted calibration and
helium purge.

3. Results and discussion
3.1. Chemical composition of the digestion residues

A small amount of residue remained in the digestion solutions
of all samples consisting of colorless crystals and black particles
in some cases. SEM/EDX analysis revealed that the residues almost
exclusively consisted of F, Ca, Mg, and Al This indicates that insol-
uble fluorides were formed. This is frequently described in the lit-
erature for these elements if hydrofluoric acid is used for digestion
(Croudace, 1981; Karstensen and Lund, 1989), Therefore, the color-
less crystals were not an insoluble part of the sample, but a precip-
itate. Because only elements in comparatively high concentrations
were affected, the marginal precipitate was neglected. The black
particles were assumed to be soot or graphite.

3.2. Method validation

Table 2 shows the results for the reference materials BCR 176R
and NIST 1633c. All listed elements were validated either by refer-
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ence materials or by analysis with two independent methods,
except for the elements: Ge, Y, Nb, Ru, Rh, Pd, In, Sn, Pr, Gd, Ho,
Er, Tm, Re, Ir, Pt, and Bi. For these elements either no reference val-
ues are available or only one of the applied analytical methods is
suitable to analyze these elements e.g. due to too low concentra-
tions. Nevertheless, the concentrations of these elements in the
reference materials are listed for completeness.

Due to the presence of a large number of elements at high con-
centrations, many emission lines in ICP-OES were affected by inter-
ference. In Table 2, several suited emission lines are listed as far as
possible. The results on different emission lines do not differ much
for the respective elements; therefore, significant interference on
single lines can be excluded. This list of validated emission lines
provides a starting point for future analyses and method develop-
ments in other laboratories,

Good recoveries of +10% were achieved for most elements and
the data obtained from ICP-MS and ICP-OES shows a high degree
of agreement. It must be considered that the coal fly ash reference
material NIST 1633c can only be compared with fly ash from waste
combustion to a limited extent. The underestimation of some ele-
ments (especially Mg, Al and some rare earth elements) in the
digestion solutions of the NIST 1633c reference material is proba-
bly due to the formation of insoluble fluorides and coprecipitated
elements.

3.3. Concentrations of main and trace elements in fly ash samples from
various WTE plants

The measured element concentrations in the fly ash samples are
shown in Fig. 2 (main components) and Fig. 3 (trace components)
in decreasing concentrations. Rare earth elements are shown in
Fig. 4 separately. For elements that were measured with both
ICP-0OES and ICP-MS, only the results of one method is given (see
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Fig. 2. Concentrations of the main components (triplicate average) in the fly ash samples A-H. The error bars represent the standard deviation of the triplicates.
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Fig. 3. Concentrations of trace components (triplicate average, single measurement in the case of Se) except rare earth elements in the fly ash samples A-H. Concentrations
that are below the LOQ are not shown in the diagram. The error bars represent the standard deviation of the triplicates.

Table 2) as the differences are below 10% in nearly all cases
between both methods. ICP-MS results were preferred for low
concentrations.

Ru, Pd, Re, and Ir were always found below the LOQ with the
conducted analytical procedure (Ru, Re, and Ir < 0.2 mg/kg, Pd <
0.4 mg/kg). Be, Se, Rh, In, Pt, Au, and the rare earth elements Sm,
Eu, Tb, Ho, Tm, and Lu were observed above the LOQ in some of
the samples (LOQ values in mg/kg: Be 0.9, Se 9, Rh 0.1, In 1, Pt,
Ho, Tm, and Lu 0.2, Au 0.6, Sm 0.7, Eu 0.5, Tb 0.4).

The moisture contents of the fly ash samples were relatively
low at 0.4-1.3%. Due to the high aluminum content in all fly ash
samples, contaminations with aluminum through abrasion from
the grinding tools were negligible. Fly ash is a fine-grained and
homogenous material. A short milling process was sufficient to
ensure a representative measurement and most elements could
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be determined with high accuracy. Apart from a few exceptions,
the RSD values were below 5%. Higher deviations of mostly 10-
20% were observed in all samples only for Ta. Due to sufficient high
signal intensities during the measurements, these consistently
high RSD values are not related to low concentrations. The same
applies for Cr, which shows higher RSD values compared to other
high concentrated elements. Probably elements with higher RSD
values are present as unevenly distributed particles in the fly ash
and show therefore different concentrations in the three milled
replicates. It might also be possible that the particles cannot be
crushed by the applied milling process, so they remain inhomoge-
neous distributed within the milled replicates.

Despite the high accuracy of the measurements, it must be con-
sidered that only a small portion of the entire amount of fly ash
arising from a WTE plant, which amounts to several thousand tons
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per year, can be taken for analysis. This complicates extrapolation
of element concentrations for an entire WTE plant. Nevertheless,
by taking composite samples over one month, we attempted to
diminish this issue.

Fly ash G and H contained additives from the flue gas cleaning
system (G: lime milk, H: NaHCOs and activated carbon). Therefore,
the calcium content in G and the sodium content in H were signif-
icantly higher compared to the other ashes. The content of other
elements was lower due to dilution caused by the additives. There-
fore, these two ashes were only comparable with the other ashes to
a limited extent. From the point of view of precious metal recovery,
mixing with additives should be avoided to maintain the potential
accumulation of these metals.

In general, the elemental composition of fly ash is influenced by
many parameters, such as waste composition, combustion temper-
ature and time, redox conditions, and the content of chlorine and
reaction partners during combustion (Belevi and Moench, 2000).
However, as the data shows, there were no large differences
between the WTE plants for most elements disregarding the ashes
containing additives. At 13-23%, Ca was the main component of
fly ash, followed by the elements Na, Si, K, Zn, Al, and Fe, which all
show concentrations between 1% and 8%. All other investigated ele-
ments were found at approximately 1% and lower. Nearly all of the
elements were in the same order of magnitude in various samples.
Only fly ash F showed larger differences in elemental composition
compared to the ashes A-E. This is probably because the waste input
almost exclusively consisted of municipal solid waste (99%) and
only a negligible percentage of commercial waste (1%). The amount
of commercial waste is significantly higher in the other WTE plants.
Due to the request of the plant operators to keep the plants anony-
mous, the results are not correlated to operational set-up details to
prevent that conclusions about the plants can be drawn.

The Swiss fly ash data (plants A and B) allows a comparison of
temporal variations between different months in one WTE plant
along with variations between different WTE plants. Most of the
elements in higher concentrations show low temporal differences
of <10%. Fluctuations in concentration between different months
are only caused by changes in waste composition if no changes
in WTE plant operations are done. This was the case at all plants
during the considered sampling periods. On the whole, temporal
fluctuations tend to be lower than spatial differences.

3.4. Temporal fluctuations of Zn, Pb, Cu, Cd, Sh, and Sn within plants A
and B

The comparison of two and three months, respectively, in Sec-
tion 3.3 gives only a rough overview of the temporal concentration
fluctuations in fly ash. Therefore, variations in concentrations over
time are examined in more detail for Zn, Pb, Cu, Cd, Sb, and Sn as
these are some of the most promising valuable metals in fly ash.
In Fig. 5, the concentration profiles of these elements are shown
from Jan. 2015 to Oct. 2017 for plants A and B, which routinely
monitor these elements among others.

The average concentrations and the corresponding standard
deviations over the considered time period are listed in Table 3.
Standard deviations around 20% are observed for all regarded ele-
ments. The fluctuations of the individual elements are very similar
at both plants. At some time points, a correlation between both
plants is visible, During 2016 for example, an increase of Zn can
be observed at both plants. In spring 2015, the Cu content
increased temporary for a few weeks. The fluctuations are primar-
ily caused by changes in waste composition, which is similar at
both plants. The concentrations of all regarded elements remain
at a very constant level over time. No significant increase or
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Fig. 5. Concentrations of Zn, Pb, Cu, Cd, Sb, and Sn in fly ash from plants A (black graph) and B (grey graph) from Jan. 2015 to Oct. 2017 based on weekly composite samples.

Table 3

Average concentrations and corresponding standard deviations in g/kg for Zn, Pb, Cu,
Cd, Sb, and Sn in fly ash from plants A and B from Jan. 2015 to Oct. 2017.

Plant A Plan B
Zn 75+10 70+ 10
Pb 112 133
Cu 22+04 26+06
cd 0.5+0.1 03 +0.1
Sb 28+05 23+04
Sn 1.8+03 1.6+0.3
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decrease in concentration over the years is observed. Conse-
quently, these valuable metals arise in constant quantities which
is advantageous with regard to the use of fly ash as secondary
raw material. The average concentrations in Table 3 match very
well with the results obtained for the few monthly composite sam-
ples described in Section 3.3,

3.5. Evaluation of the resource potentials of Sb, Sn, and Bi in Germany

In 2013, 68 waste incineration plants were in operation in
Germany with an overall throughput of about 19 million t/a
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(Loschau, 2014). The amount of the remaining fly ash is usually sta-
ted with 2-4% of the waste input (Bavarian State Ministry of the
Environment and Consumer Protection, 2002; Jung et al., 2004),
Morf et al. (2013) report a generation rate of 2.2% for a Swiss
WTE plant. As no detailed information is available on the total
amount of fly ash arising in Germany every year, this amount
can be calculated at approximately 380,000-760,000 t/a (assuming
a generation rate of 2-4%). In the following, we want to take a
closer look at the resource potentials of Sb, Sn, and Bi by comparing
the annual consumption with the estimated annual material flow
of these elements.

The European Commission classified Sb, which shows high con-
centrations up to 3 g/kg in the fly ash samples, as one of the most
critical raw materials in the EU regarding supply risk and economic
importance (European Commission, 2017). The relatively high
amount of Sb in fly ash probably originates from combusted poly-
mers containing Sb,05 as a flame retardant synergist, which is one
of the main applications of Sb (German Mineral Resources Agency,
2013; Nakamura et al, 1996; Wiel and Levchik, 2016). Sb in
Germany is completely imported (German Mineral Resources
Agency, 2013). According to the German Mineral Resources
Agency (2013), Sb was imported in following quantities and com-
modities in 2011: 8t ore, 447 t raw metal, 6954 t trioxide, and
28,835t antimony-containing lead, containing 1-5% Sb. Taking
the different Sb content into account, this corresponds to a con-
sumption of about 7000 t Sb in 2011 neglecting Sb from recycling.
Assuming a concentration of about 2 g/kg Sb in the fly ash of all 68
German WTE plants, this sums up to 760-1520 tofa Sb, which is
about 11-22% of the annual consumption of Sb in Germany.

Snis not jet classified as critical, but due to the economic impor-
tance and relatively high concentration up to 2 g/kg in the fly ash
samples nevertheless interesting. According to the German
Mineral Resources Agency (2014), Germany is completely depen-
dent on import and recycling of Sn and the consumption was
21,100 t in 2012. Analogous to Sb, the Sn content in German fly
ash can be estimated to 380-760 t/a assuming a concentration of
about 1 g/kg. This corresponds to 2-4% of the annual consumption
of Sn in Germany.

Bi, which was found in this study up to 0.5 g/kg, was newly
added to the list of critical raw materials in the EU in 2017 (Euro-
pean Commission, 2017). Morf et al. (2013) report a significant
accumulation of Bi in fly ash compared to the bottom ash and pro-
pose fly ash as an interesting source to recover this metal. Accord-
ing to the German Mineral Resources Agency (2015), the
consumption of Bi in recent years was about 1000 tfa in Germany.
The Bi content in German fly ash can be estimated to 38-76 t/a
assuming a concentration of about 0.1 g/kg. This corresponds to
4-8% of the annual consumption of Bi in Germany.

Although the numbers are only roughly estimated, they indicate
that the quantities are not negligible, especially the high amount of
Sb. Jung et al. (2004) also report high amounts of Sb, Sn, and Bi get-
ting lost in incineration residues (including bottom ashes) in Japan
compared to the annual consumption of these metals. They found
132% Sb, 1% Sn and 31% Bi of the annual consumption of these met-
als in incineration residues. Fly ash can therefore be considered as
a possible secondary raw material source for these elements, in
particular for Sb.

4. Conclusions and outlook

The element concentrations vary only slightly between various
plants when the flue gas cleaning system is similar. Additives dur-
ing flue gas cleaning lead to a significant reduction of the precious
metal enrichment in the originally pure fly ash, which should
therefore be collected separately. As concentration fluctuations
within single plants are relatively low even over long periods, fly

ash would be a continuous and constant source of valuable metals.
The contained valuable metals sum up to significant amounts con-
sidering the high quantity of fly ash arising from all plants every
year. Fly ash could be a promising source of secondary raw mate-
rial especially for Sb, Sn, and Bi beside of Zn, Pb, Cu, and Cd.

Currently, 27 raw materials are classified as critical by the Euro-
pean Commission (2017). Apart from Sb and Bi, further metals like
for example Co, Ga, Ge, In, Mg, Nb, W, and rare earth elements are
classified as critical. These elements are also contained in fly ash in
notable concentrations. When concentrations in primary deposits
reach low levels, or when these are depleted, fly ash could become
a worthwhile and important raw material source.

The next step would be the development of selective recovery
processes. Fly ash samples from this work will be used to study
the solubility behavior for a large number of elements by applying
a sequential extraction procedure that will help to develop an effi-
cient separation technology.
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An optimized 7-step sequential extraction was applied to fly ash samples from two waste incineration
plants and a bottom ash sample. The solubility of 37 elements in water under alkaline and neutral con-
ditions, ion exchange, acid solubility as well as the influence of reducing and oxidizing agents, were
investigated using reagents which are typically applied in sequential extractions. Potential error sources
and the suitability and selectivity of individual steps and extracting agents were also evaluated.
Additionally, the amounts of total dissolved solids were determined for each extraction step, and the

ﬁigzriﬁineration residues results were validated by comparison with the analysis data of the elemental composition.
Fly ash All the investigated incineration residues exhibited a very similar solubility behavior. Only the alkali
Bottom ash metals in the bottom ash were considerably less water-soluble than those in the fly ash, The solubility

behavior among the rare earth elements was alike. The pH of the fly ash suspensions in water increased
over several hours from neutral to alkaline. Concentration changes of water-soluble elements were inves-
tigated during the pH increase and to what extent precipitated elements can be re-dissolved by a subse-
quent neutralization,

Meanwhile, it was shown that chloride ions in commonly used sequential extraction agents (e.g., MgCl,
and NH,0H-HCl) can influence the extractability of individual elements, which can lead to misinterpre-
tations of the results, Using MgCl, to study Mg?* ion exchange led to the dissolution of Ag and Cd only
caused by the chloride ions. Furthermore, the order of the reducing and oxidizing step was found to be

Sequential extraction
pH-dependent solubility
Metal leaching

interchangeable.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Sequential extractions are a common tool to divide elements
into different fractions depending on their leachability from a sam-
ple. The leachability is determined by the mineralogical form of the
element in the sample. Sequential extractions are conducted in
several steps using progressively stronger leaching solutions. They
were originally developed for element speciation in sediments and
soils. The Tessier procedure (Tessier et al., 1979) and the BCR pro-
cedure (Rauret et al., 1999) are most widely used.

Sequential extractions have also been applied to waste
incineration residues like fly ash (Huang et al., 2007; Jiao et al.,
2016; Van Herck and Vandecasteele, 2001) and bottom ash
(Bruder-Hubscher et al., 2002).

One general problem of sequential extractions is the limited
comparability of different studies because they mostly used differ-

* Corresponding author.
E-mail address: jasmin.haberl@tum.de (J. Haberl).

https://doi.org/10.1016/j.wasman.2019.02.001
0956-053X/© 2019 Elsevier Ltd. All rights reserved.

ent procedures. There are only few studies which applied the same
sequential extraction procedure to different waste incineration
residues. Buchholz and Landsberger (1995) investigated fly ash
and bottom ash and also size-fractioned fly ash, while Pan et al.
(2013) and Xiong et al. (2014) compared several different fly ash
samples. However, most studies covered only a few elements.
Therefore, we considered it necessary to conduct a more compre-
hensive study with 37 elements comparing different incineration
residues. Furthermore, a large number of steps were conducted
to obtain a detailed fractionation. The fly ash samples used in this
work were described and analyzed in detail in our previous publi-
cation (Haberl et al., 2018).

The concept of sequential extractions is often criticized (Bacon
and Davidson, 2008; Martin et al., 1987; Nirel and Morel, 1990).
The main criticisms are the lack of selectivity and specificity, and
only little valuable information about the element species and
binding forms. Waste incineration residues have a very different
composition and mineralogy compared to sediments and soils for
which sequential extraction was originally developed. Therefore,
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the common sequential extraction procedures are not directly
transferable to waste incineration residues. For this reason, we
developed a modified concept of the sequential extraction in this
work, Sequential extraction was used as a method of identifying
the minimum necessary conditions to bring an element into solu-
tion. It is not our objective to precisely determine the binding
forms. Rather, an insight into the necessary leaching conditions
shall be provided. The leaching solutions in the extraction steps
were not chosen in a way that certain element species are selec-
tively dissolved, like for example in the Tessier procedure. Tessier
defined some of the fractions as bound to carbonates (using acid),
bound to Fe-Mn oxides (using a reducing agent), and bound to
organic matter (using an oxidizing agent). In contrast, our approach
defined them in more general terms, such as an acid soluble frac-
tion, a reducible fraction, and an oxidizable fraction, This approach
can already be found in several publications, but the applied proce-
dures were usually still mixed with the original approach to obtain
fractions of certain element species. For example, when defining an
acid soluble fraction, a reducible fraction, or an oxidizable fraction,
other possible influences on the solubility beside the investigated
parameters must be excluded. This includes a constant pH in con-
secutive steps when the aim is to investigate another parameter
than the pH. This was already suggested by Van Herck and
Vandecasteele (2001). Another example is the influence of anions
in salts, which are used to investigate cation-exchange reactions.
These aspects were all considered and studied in this work aiming
to obtain clear information about which parameters influence the
dissolution of an element.

Knowing the solubility behavior of incineration residues is for
example essential for recovery approaches comprising a leaching
procedure and a subsequent separation of individual metals out
of the leaching solution. It is useful to know whether ashes from
different plants have a similar solubility behavior because then it
is unnecessary to adjust the leaching procedure for each ash from
different plants. Fly ash leaching is already conducted at several
waste incineration plants with the commercially available FLUWA
(abbreviation for the German word Flugaschen-Wiische, engl.: fly
ash washing) process, which is a fly ash washing process using
acidic scrubbing water. More details on the FLUWA process can
be found in Quina et al. (2018).

2. Materials and methods

For all experiments ultrapure water (UPW), obtained from a
water purification system Direct-Q® 5 UV (Merck Millipore), was
used. The following acids were used: nitric acid (65% for analysis,
Merck, purified by sub-boiling distillation), hydrochloric acid
(30% Suprapur®, Merck), hydrofluoric acid (47% ultrapure Nor-
matom®, VWR), acetic acid (100% for analysis, Merck) and boric
acid (Suprapur®, Merck).

2.1. Description of the samples and analysis of the elemental
composition

The fly ash (FA) samples originated from three different waste
incineration plants (A, B, and C) and have already been the subject
of our previous study, where detailed descriptions and comprehen-
sive analysis data of the samples can be found (Haberl et al., 2018).
The fly ash sample from the plant C was created as a project inter-
nal reference material by the German Federal Institute of Hydrol-
ogy (SESAM project BMBF, cf. Acknowledgment, Fabricius et al.,
in preparation). Each sample was a composite sample consisting
of daily samples collected over a month. The focus in this work
was on the fly ash samples from plants A (FA-A, sample A2) and
C (FA-C). The sample from plant B (FA-B) was only used for an
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additional experiment. The abbreviations refer to the abbreviations
used in the publication by Haberl et al. (2018). All ashes were elec-
trostatic filter ashes, partially mixed with boiler ash and fabric fil-
ter ash.

The bottom ash originated from a waste incineration plant with
dry discharge (plant B). For the experiments, the fine fraction of the
bottom ash (BA) with a particle size of <0.3 mm was used (12% of
the entire bottom ash at the incineration plant). This fraction was
separated from the bottom ash by sieving, which is one bottom ash
processing step at the incineration plant. Sample preparation and
analysis of the bottom ash were done similarly to the fly ash sam-
ples (Haberl et al., 2018), only the homogenization was intensified
(30 min dry ball milling at 450 rpm). Triplicates were digested and
analyzed by ICP-OES (iCAP 7600 Duo, Thermo Fisher Scientific) and
ICP-MS (Agilent 7900).

2.2. Performance of the sequential extraction procedure

The extractions were done with sample quantities of 500 mg in
centrifuge tubes. The fly ash samples were used without homoge-
nization, whereas the bottom ash was used after homogenization
(see Section 2.1). The extraction procedure comprised seven
extraction steps (Table 1). The general experimental procedure
was as follows. The leaching solution of the respective step was
added to the sample or residue of the previous step. 15 min before
the end of a defined leaching time, the suspension was centrifuged
for 10 min at 5000 rpm (Z 206A, Hermle) to separate the extraction
solution from the solid residue. The supernatant was separated
with a pipette at the end of the leaching time, and the residue
was washed with 5-10 mL of UPW after each step. After several
seconds of manual shaking, the solid residue was separated again
by centrifugation. The washing water was separated with a pipette
and combined with the extraction solution. In steps 1-3, the
extraction solutions were acidified with 0.5 mL of 65% nitric acid
in order to stabilize the solutions until measurement.

The leaching time, the volume of leaching solution, and the
detailed experimental conditions in the extraction steps were as
follows.

Step 1: 40 mL of UPW was added to the sample. The suspension
was continuously agitated on a horizontal shaker for 47 h (FA-
A) or 24 h (FA-C and BA).

Step 2: 30 mL of UPW (FA-A and FA-C) or 20 mL of UPW (BA)
were added to the residue of step 1. The suspension was neu-
tralized with 0.5% acetic acid to pH =7 under gentle stirring
with the pH electrode at the suspension surface so that the solid
particles were whirled up with taking care not to scratch the pH
electrode’s glass membrane. The neutralization required
continuous pH readjustments since the pH immediately rose
when the addition of acid was interrupted. It took 1-2 h until
the pH stabilized at 7. As the amount of the consumed acid

Table 1
Overview of the sequential extraction procedure.

Extraction Dissolved fraction Leaching solution

step

1 Water-soluble upPw
(alkaline pH)

2 Water-soluble (neutral UPW, neutralized to pH = 7 with
pH) acetic acid

3 lon-exchangeable 1M MgCly

4 Acid-soluble Acetic acid, pH =3

5 Reducible 0.3 M NH,OH-HCl, pH = 3 with

acetic acid
6 Oxidizable H30,, pH =3 with HNO5
7 Residue Digestion with HNO, HCl, and HF
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for the neutralization was higher for the bottom ash, only 20 mL
of UPW was used to obtain a comparable final volume of the
extraction solution after neutralization. The total leaching time
was 3 h.

Step 3: 20 mL of 1 M MgCl; (for analysis, Merck) was added to
the residue of step 2. The suspension was continuously agitated
on a horizontal shaker for 6 h.

Step 4: 30 mL of diluted acetic acid (pH = 3) was added to the
residue of step 3. The pH of the suspension was adjusted to 3
with 100% acetic acid. The suspension was continuously agi-
tated on a horizontal shaker for 24 h. The pH was regularly
checked and adjusted, if necessary.

Step 5: 20 mL of 0.3 M NH,OH-HCI (for analysis, Merck) was
added to the residue of step 4. The pH was adjusted to 3 with
25% acetic acid. The suspension was heated to 50 °C in a water
bath and shaken occasionally by hand. The pH was regularly
checked and adjusted, if necessary. After 22 h, the suspension
was continuously agitated on a horizontal shaker for another
2 h at room temperature before the extraction solution was
separated.

Step 6: 16 mL of 30% H,0, (Suprapur®, Merck) and 4 mL of UPW
were added to the residue of step 5. The pH was adjusted to 3
with 0.05 M nitric acid. The suspension was heated to 50 °C in
a water bath and shaken occasionally by hand. The pH was reg-
ularly checked and adjusted, if necessary. After 22 h, the sus-
pension was continuously agitated on a horizontal shaker for
another 2 h at room temperature before the extraction solution
was separated.

Step 7: The residue was dried at 60 °C and digested with nitric
acid, hydrochloric acid, and hydrofluoric acid by microwave-
assisted pressure digestion as described by Haberl et al. (2018).

For the horizontal shaking, an HS 501 Digital Shaker (IKA) was
used at 300 rpm. A blank solution was prepared for each step.
The acid concentrations used for the pH adjustments were chosen
so that only micro- or a few milliliters had to be added to the sus-
pensions. A high liquid-to-solid ratio was used in order to prevent
saturation effects. The volumes of the leaching solutions were
roughly adjusted to the extracted amounts in the individual steps.
All the extraction solutions were filled up with UPW to a final vol-
ume of 50 mL. The extraction solutions were allowed to stand for
several hours or centrifuged for a few minutes before an aliquot
for ICP analysis was withdrawn. By this, it was ensured that no
residual particles in the extraction solutions got into the ICP anal-
ysis. An aliquot of each extraction solution was diluted with a ratio
of 1:100 in 3% nitric acid and analyzed using both ICP-OES and ICP-
MS.

The sequence of the extraction steps and the used reagents
MgCl,, acetic acid, NH,OH-HCI and H,0, were adopted from
Tessier et al. (1979) with modified concentrations in some cases.
The additional step 1, the sample quantity of 500 mg, the concen-
tration of 0.3 M NH,OH-HCI and the idea of a constant pH during
the steps 4-6 were adopted from Van Herck and Vandecasteele
(2001). Step 2 is not a common step in sequential extractions in lit-
erature and was newly introduced.

2.3. Determination of the necessary leaching times

The change in concentration of several elements was monitored
during the extraction steps 1, 3, 4, and 5 to determine the neces-
sary contact time between the sample/residue and the leaching
solution. Fly ash FA-A was used in all the experiments. Fly ash
FA-B was additionally used as a comparison in step 1. The sequen-
tial extraction was conducted as described in Section 2.2. Aliquots
of 1 mL were taken from the extraction solution every few hours
over a specified period. The suspensions were centrifuged

(10 min, 5000 rpm) before each sampling. The aliquots were then
stabilized with 100 uL of 65% nitric acid in steps 1 and 3.

2.4. Modifications of the sequential extraction procedure

The influence of the following modifications on the sequential
extraction procedure described in Section 2.2 was evaluated.

« Replacement of MgCl, by Mg(NO3), in the ion exchange step:
1 M Mg(NO3); (for analysis, Merck) was used instead of 1M
MgCl, (using FA-C as an example).

« Interchange of the reducing and the oxidizing step: these steps
were carried out in reverse order (using FA-A as an example).

« Replacement of NH,OH-HCl by NaCl in the reducing step: 0.3 M
NaCl (Normapur®, VWR) was used instead of 0.3 M NH,OH-HCI
(using FA-C as an example).

2.5. Determination of the total dissolved solids in each extraction step

The residues were washed twice after each extraction step,
dried at 60 °C, and weighed afterward. These experiments were
conducted separately from the experiments in which the extrac-
tion solutions were analyzed in order to exclude the potential
influences of the drying process on the element binding forms.

3. Results and discussion
3.1. Elemental composition of the fly ashes and the bottom ash

Table 2 shows the elemental composition of the investigated
incineration residues. The concentrations of Rb, Zn, Cd, Sb, Tl, Pb,
and Bi were significantly lower in the bottom ash compared to
those in the fly ashes. Mainly volatile elements were accumulated
in the fly ash, and more rare earth elements were found in the bot-
tom ash. The concentrations of other elements were similar in both
fly ashes and bottom ash.

3.2. Solubility of elements in the different extraction steps

The sequential extraction was conducted with the fly ashes (FA-
A and FA-C) and the bottom ash, to investigate the elements listed
in Table 2. The concentrations of all the extraction steps were
added up and normalized to 100% for each element. The element
distributions between the fractions are shown in Figs. 1-3. The
error bars represent the standard deviation of three replicates.
The procedure showed a high reproducibility as the error bars were
very small. In this section, an overview of all extraction steps is
given. The individual steps are discussed and investigated in more
detail in Section 3.3.

The solubility behavior of the two fly ash samples was very
similar as seen from the high agreement of their distribution pat-
terns. Thus, it is safe to say that the binding forms, which deter-
mine the solubility, must be quite similar for both fly ash
samples, despite the different elemental concentrations. More-
over, the solubility behavior of the bottom ash was similar to that
of the fly ashes. This was even the case for elements with a sig-
nificantly different concentration. However, there was one signif-
icant difference. The alkali metals in the fly ashes had a high
solubility of about 60-80% for Li and 90% for Na, K, and Rb in
water (step 1). In contrast, only 10-25% of the alkali metals in
the bottom ash were soluble in water. A significant amount of
the alkali metals was not even soluble in acid (step 4) and thus
remained in the residue. Hence, the binding forms of the alkali
metals were significantly different between the fly ash and the
bottom ash. The lower water solubility of bottom ash was
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Table 2
Elemental composition of the fly ashes FA-A and FA-C and the bottom ash sample. Average and standard deviation of the analyzed triplicates are given below. The analysis data of
the fly ashes was previously published (Haberl et al,, 2018). The concentration of Tl in the bottom ash was below the limit of quantification.

Alkali and alkaline earth metals

Li Na K Rb Ca Sr Ba
(mg/kg) (g/kg) (g/kg) (mg/kg) (g/kg) (mg/kg) (g/kg)
FA-A 612 59+ 0.5 55+0.5 183+1 1401 359+7 1.7+0,03
FA-C 135+12 58 +0.5 5541 205+2 165+ 0.4 28542 1.5+0.03
BA 45103 17102 10102 27+1 208+2 626+9 3.1+0.02
Other elements
Al Si Ti v Cr Mn Fe Co Ni Cu Zn (glkg)
(g/kg) (g/kg) (g/kg) (mg/kg) (mg/kg) (g/kg) (g/kg) (mg/kg) (mgfkg) (g/kg)
FA-A 30+0.2 49+04 10+0.08 28+0.3 350+ 17 0.6 £0.01 13+0.1 26+1 103+7 2.5+001 69+0.8
FA-C 17+0.1 31101 5.3+0.04 23+0.6 463 +12 1.8+0.03 14 +0.07 46+ 4 122+6 7.2 £0.06 39+0.1
BA 4504 120+2 1140.07 5742 66150 1.1+0.01 51+0.02 72+5 3198 3.5+ 0.09 6.6 £0.05
Ga Mo Ag cd Sb Tl Pb Bi
(mg/kg) (mgfkg) (mg/kg) (mg/kg) (g/kg) (mg/kg) (g/kg) (mg/kg)
FA-A 2407 30+1 63 £1 540 + 6 3.0+0.04 3.3£001 1101 2698
FA-C 12+05 611 50+2 373+2 2.5+0.03 5.2+0.06 13+£0.1 474412
BA 11+04 27+1 23+5 14+2 0.2 0,002 <0.24 1.2 +0,05 38+13
Rare earth elements
Sc Y La Ce Pr Nd Sm Gd Dy Er Yb (mg/kg)
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
FA-A 2201 6.4+0.2 20407 44 £ 0.6 1.6+ 0.02 55+0.1 09+0.1 1.1+0.05 0.7 £+ 0.04 0.4 +0.02 0.3 £0.005
FA-C 1.3+01 7102 12+0.5 171 1.4+0.04 5.0+£02 1.3+05 11101 0.6 +£0.03 0.3 +£0.01 0.3 £0.009
BA 47+0.1 12+03 26+0.8 4242 6.3+0.1 23+07 29+04 2.8+0.08 2.1+005 1.1+0.04 34:03
mStep1 mStep2 wStep3 Step4 mStep5 wStep6 mStep7
FA-A
Li FA-C
BA
FA-A
Na FA-C
BA
FA-A
K FA-C
BA
FA-A
Rb FA-C
BA
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Ca FA-C
BA
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Sr FA-C
BA
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Ba FA-C
BA
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Fig. 1. Solubility of the alkali and alkaline earth metals in the extraction steps 1-7 for the fly ash samples (FA-A and FA-C) and the bottom ash sample.

reported in the literature (Abbas et al., 2003), and based on our
study, the difference was only caused by a lower solubility of
the alkali metals in the bottom ash.

Additionally, X-ray diffraction (XRD) analysis was performed on
the two fly ash samples and on the bottom ash sample. Details on the
XRD analysis and the results can be found in the Supplementary data
in Appendix A. Only the main minerals could be detected with XRD
due to the low sensitivity. The main mineralogy of the two fly ash
samples was very similar. The XRD analysis confirmed that the alkali
metals Na and K were present as easily soluble salts (mainly chlo-
rides and sulfates, e.g. NaCl, KCl, K3Na[SO4]», K2ZnCl,). This agrees
with other studies about the mineralogy of fly ash (Weibel et al.,
2017; Zhao et al., 2017). No water-soluble Na- or K-minerals could
be detected in the bottom ash. The main mineralogy of the bottom
ash was quite different to the fly ashes although the solubility
behavior was similar apart from the alkali metals.
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All rare earth elements exhibited a striking similar solubility
pattern among each other. This observation matches with the gen-
erally known fact that the rare earth elements have similar chem-
ical properties. This indicates that the rare earth elements were
present as similar minerals in the incineration residues. Most rare
earth elements were about 50% dissolved at pH =3 (step 4) in all
the investigated incineration residues, but only Sc had a lower acid
solubility of about 15% compared to the other rare earth elements.

A sufficient leaching time must be chosen in each leaching step
to achieve complete dissolution of all the soluble compounds. This
is important to avoid carryover into the next leaching step. For sev-
eral steps, the necessary contact time between the sample/residue
and the leaching solution was determined by monitoring the
change in the concentration of several elements over time. It
turned out that longer leaching times than for example in the pro-
cedures of Tessier et al. (1979) and Van Herck and Vandecasteele
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Fig. 2. Solubility of other elements in the extraction steps 1-7 for the fly ash samples (FA-A and FA-C) and the bottom ash sample, The alkali and alkaline earth metals, as well
as the rare earth elements, are shown separately in Figs. 1 and 3, respectively. Tl was not quantified in the bottom ash extraction solutions because its concentration in the

bottom ash was below the limit of quantification.

(2001) were necessary. For details, please refer to the Supplemen-
tary data in Appendix A. The concentration change during step 1 is
discussed in more detail in Section 3.3.1.

3.3. Detailed investigation and discussion of each extraction step

3.3.1. Step 1 - Water-soluble fraction (alkaline conditions)

Fly ashes and bottom ashes are known to be highly reactive in
water to form alkaline solutions, mainly due to the contained
CaC03 and Ca0 (Johnson et al., 1995; Weibel et al., 2017). The pH

of the bottom ash suspension in water immediately reached 12

and remained constant over time. The same was observed for the
fly ash FA-C. Due to some technical reasons at the incineration
plant C, some amount of Ca(OH), was mixed with the pure fly
ash during the separation of the ash from the flue gas. Therefore,
FA-C was considered as a special case. The fly ash samples FA-A
and FA-B, which contained no additives from the flue gas cleaning,
could not reach the final alkaline pH immediately despite vigorous
stirring with a magnetic stir bar (Fig. 4). This might be due to the
buffer capacity of the fly ashes. The pH curves show two buffer
areas probably belonging to the carbonate buffer system
(Karlfeldt Fedje et al., 2010). The pH increased by slowly dissolving
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Fig. 3. Solubility of the rare earth elements in the extraction steps 1-7 for the fly ash samples (FA-A and FA-C) and the bottom ash sample.

alkaline compounds. When the buffer capacity was exceeded the
pH reached the final value between 10 and 11. Both fly ashes
had the same pH curves but differed only in the time to reach
the final pH.

The time difference must generally be considered in fly ash
leaching experiments. A longer leaching time was chosen for FA-
Ain step 1 in order to ensure the complete dissolution of all soluble
components and a comparable pH with FA-C at the end of this step.
As a result, the alkali metals were mostly dissolved, as previously
discussed in Section 3.2. Additionally, we measured significant
amounts of Ca, Sr, Mo, and TI, and for some samples also Ba and
Pb in the alkaline extraction solutions.

The slow pH increases during the water extraction of FA-A and
FA-B enabled an investigation of the pH-dependent solubility of
elements in the alkaline range. The elements dissolved in

Fig. 4. pH curves of the fly ash suspensions in water. Each pH curve was recorded
three times. The suspensions were stirred with a magnetic stir bar in this
experiment, because horizontal shaking like in step 1 prevented a continuous pH
measurement.
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significant amounts in water were investigated. The concentration
curves over time and the pH at each sampling point are shown in
Fig. 5. The pH changed slower than in Fig. 4 probably because the
suspensions were agitated by horizontal shaking instead of stirring
with a magnetic stir bar in this experiment.

The concentrations of Na, K, and Rb no longer changed signifi-
cantly after 1h of leaching time. The solubility of these metals
was hence not influenced by the pH. The concentrations of Li, Ca,
and Sr increased slightly with time, This was caused by slow disso-
lution of these elements, and no pH correlation was observed.
Meanwhile, the concentrations of Cd, T, Zn, Ba, and Pb decreased
with the increasing pH because they precipitated as hydroxides
and carbonates (Karlfeldt and Steenari, 2007; Mizutani et al.,
1996; Van Herck et al., 2000). The concentrations of these elements
correlated clearly with the pH for both fly ash samples. Therefore it
could be concluded that these elements were not precipitated by
anions as soon as they enter the solution (e.g., precipitation of
Ba?* by SO37). Also, the solubility of Mo was strongly pH depen-
dent. There was hardly any Mo dissolved under neutral conditions,
but as soon as the pH increased, the concentration of Mo rose
rapidly. Mo is present as MoOj~ under alkaline conditions
(Cornelis et al., 2008).

The final concentrations in this experiment agreed well with
the concentrations of the first step in the sequential extraction
(Figs. 1 and 2).

3.3.2. Step 2 - Water-soluble fraction (neutral conditions)

In the second extraction step, the residues of step 1 were leached
once again with water and the suspensions were still strongly alka-
line (pH > 10 for all samples). The mixtures were then neutralized
to pH 7. In this extraction step mainly those elements were dis-
solved which precipitated during step 1. All other water-soluble
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Fig. 5. pH curves and corresponding concentration curves of water-soluble elements during step 1 for fly ashes FA-A and FA-B. The extracted amounts at different time points

are relative to the total content of the respective element given in Table 2.

elements were removed in step 1. This extraction step provided the
extent of the precipitated elements to be re-dissolved at neutral pH.
When comparing the precipitated amounts in the fly ash FA-A dur-
ing step 1 (Fig. 5) with the amounts that re-entered the solution
after the neutralization in step 2 (Figs. 1 and 2), most precipitated
elements could not be completely re-dissolved. This applied partic-
ularly to Tl and Cd, whereby 87% of Tl and 69% of Cd were dissolved
from the fly ash FA-A after 1 h at a pH of 7.1. When the suspension
reached an alkaline pH, the dissolved amounts dropped to 23% for Tl
and 0% for Cd. After re-neutralization in step 2, only 3% Tl and 12%
Cd were dissolved; these amounts were much less than the precip-
itated amounts. This means that these elements were transformed
from water-soluble compounds, which were dissolved at the begin-
ning of step 1, to largely water-insoluble compounds at the end of
step 1. Apart from Tl and Cd, significant amounts of Ca and Sr were
also found in step 2. Although the concentrations of Ca and Sr
increased during step 1, parts of them must have nevertheless pre-
cipitated simultaneously.

Consequently, for some elements, there is a significant differ-
ence on how long the fly ash is in contact with water. Separating
the extraction solution from the residual fly ash before the buffer
capacity is exceeded can prevent precipitation.

3.3.3. Step 3 - Ion exchange fraction
The extraction with 1M MgCl, provided information about
which elements could be exchanged by Mg?* ions. Most sequential

extraction procedures in the literature contained an ion exchange
step, often after leaching with water (Huang et al., 2007; Jiao
et al., 2016; Van Herck and Vandecasteele, 2001), but the pH differ-
ences between the water-soluble and the ion-exchange fractions
were often not considered. In our study, the pH during the ion
exchange was around 8 for all samples. By performing step 2 under
neutral conditions before, it could be ruled out that the elements
were dissolved because of a lower pH than that in the step 1. This
increases the informative value of the ion exchange step signifi-
cantly. The suspensions have been neutralized to pH 7 in step 2.
The slightly higher pH of 8 in the subsequent ion exchange was
probably caused by small amounts of residual alkaline compounds
which dissolved only during the ion exchange step. As mentioned
in Section 3.3.2, the pH was still >10 when water was added to the
washed residues of step 1. It is interesting to note that significant
lower pH values (also around 8) were observed in preliminary
experiments when 1 M MgCl, was added instead (i.e. skipping step
2). The reason for the lower pH is probably the precipitation of
hydroxide ions in form of sparingly soluble Mg(OH),.

With MgCl, ion exchange, most of the Ca, Sr, Ba, Ag, Cd and
small amounts of the Mo, Tl, and Pb went into solution. In order
to check if the chloride ions influenced the extractability, sequen-
tial extraction was repeated with 1 M Mg(NOs), (Fig. 6). As a result,
Ag and Cd were not extracted. Their dissolution was hence trig-
gered only by the chloride ions from MgCl, probably by forming
chloro-complexes and not by the ion exchange with Mg?*. There-
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fore, the influence of anions must be considered when studying
metal ion exchanges to avoid misinterpretations. However, the
chloride ions did not influence the extractability of other elements,
as there was no significant difference between using MgCl; and
Mg(NO;); except for Ba, which was extracted in higher quantities
with Mg( NO3)2

In conclusion, mainly the alkaline earth metals were exchanged
by Mg?* probably because Mg is itself an alkaline earth metal and
thus has similar properties. Also, it is a small alkaline earth metal
and thus could easily replace the larger alkaline earth metals.

Fly ashes usually contain high amounts of chloride. Therefore,
varying chloride concentrations in fly ash can influence the
extractability of certain elements. Additionally, chloride ions are
of particular relevance in the FLUWA process, which is mentioned
in the introduction. In this process, fly ash is washed with the
wastewater from the flue gas scrubbers, which contains hydrochlo-
ric acid.

3.3.4. Step 4 - Acid-soluble fraction

Acid is needed to dissolve significant quantities of most ele-
ments. Acetic acid was chosen because acetate does not form spar-
ingly soluble salts and has no oxidizing effect, unlike for example

300
Extraction step 3: lon
exchange with 1 M MgCl,
250 1 (data from Fig. 1 and 2,
normalized to 100%)
200 A B Extraction step 3: lon
exchange with 1 M
Mg(NO3). (two replicates)
150 ~

100 1= I I

Relative extracted amount (%)

Ca Sr Ba Mo Ag Cd Tl Pb

Fig. 6. Comparison of the extractability of several elements using MgCl, and Mg
(NOs); in the extraction step 3 (ion exchange) using the fly ash FA-C as an example.

nitric acid, which was used in step 6 (oxidizable fraction) for this
reason. Furthermore, with acetic acid, a constant pH could be
achieved due to its buffer effect. In contrast, with strong acids,
the pH always changed after each pH adjustment, and thus a pH-
stat system would be necessary.

3.3.5. Steps 5 and 6 - Reducible and oxidizable fraction

The effect of changing the redox conditions was investigated in
the extraction steps 5 and 6. In both steps, only relatively small
quantities of most elements were dissolved. The pH was kept con-
stant at 3 during steps 4-6 in order to eliminate the influences of pH
variations as suggested by Van Herck and Vandecasteele (2001).

One characteristic feature of sequential extractions is the
increasing strength and aggressiveness of the leaching solution
with every step. Only the order of the reducing and the oxidizing
step should be exchangeable, as they have an equivalent strength
and only affect the redox conditions. By changing the order, the
validity of these two steps can be checked because the interchange
should not affect the extracted quantities in both steps. In Fig. 7,
the extracted quantities when the reducing step was conducted
before the oxidizing step are compared with the extracted
quantities when the order was reversed. Only the elements dis-
solved significantly in the steps 5 and/or 6 were considered. The
results show that the interchange had no significant influence on
the extracted amounts in both steps for the majority of the ele-
ments. The reason there was a slight difference might be the fact
that the residues were different at the beginning of steps 5 and 6
when the sequence was changed.

As both steps were interchangeable, a carryover from step 4 due
to an insufficient washing of the residue or an inadequate leaching
time could be excluded. The results prove that there was no signif-
icant extraction caused only by the increase in temperature after
step 4. The temperature was increased in steps 5 and 6 to increase
the reaction speed. In conclusion, by interchanging the reducing
and the oxidizing step, influencing factors other than the reducing
or oxidizing effect can be inspected.

The following discussion will investigate the reducing step in
more detail. NH;OH-HCl is commonly used in sequential extractions
in the literature to determine the reducible fraction (Huang et al.,
2007; Van Herck and Vandecasteele, 2001). NH,0H is usually used
in the form of its hydrochloride acid salt. As already shown in the
ion exchange step, the chloride ions had a significant influence on

40 |

30 1

20 1

m Oxidizing step after reducing step
2 Oxidizing step before reducing step
@ Reducing step after oxidizing step

mReducing step before oxidizing step % é

Extracted amount (%)

Cd Sb TI Pb Y La Ce

Fig. 7. Comparison of the extracted element quantities when the order of the reducing (NH,OH-HCl) and oxidizing step (H,0,) were reversed using the fly ash FA-A as an
example. The extracted amounts are relative to the total content of the respective element given in Table 2. The error bars represent the standard deviation of three replicates.
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the extractability of some elements. Therefore, we investigated the
reducing extent of the NH;OH-HCl responsible for the dissolution of
the elements and which type of influence the chloride ions have.

For this purpose, the sequential extraction was repeated using
0.3 M Nacl (to obtain an equal chloride concentration as in 0.3 M
NH,0H-HCI) in the reducing step. The influence of pH was elimi-
nated by adjusting the pH to 3 with acetic acid in both experi-
ments. Using 0.3 M HCl instead of NaCl was proven unsuitable
because the pH of 0.3 M HCI was lower than 3.

In Fig. 8, the extracted quantities using NH,OH-HCI and NaCl are
compared for several elements using the fly ash FA-C as an exam-
ple. Two replicates were extracted again with NH,OH-HCl in paral-
lel to the experiments with NaCl in order to verify the
reproducibility of the data presented in Figs. 1-3. The concentra-
tions of the verification experiment and with NaCl are relative to
the extracted concentrations in the reducing step presented in
Figs. 1-3, which are normalized to 100%. Although the extracted
amounts with NH,OH-HCI were rather small, the results still show
a high reproducibility.

It can be seen clearly that significant amounts of those
elements, which were dissolved with NH;OH-HCI, were also readily
dissolved with NaCl. This means that the reducing effect of
NH;0H-HCl was only partly responsible for the dissolution. Only
the dissolution of V, Fe, Mo, and partly Mn were explained by
the reducing effect since these elements were not or only slightly
dissolved with NaCl. This behavior was in accordance with the
literature for Fe and Mn. Tessier et al. (1979) used NH,OH-HCI to
identify the elements bound to Fe-Mn oxides. In fly ashes,
NH,;0H-HCl also dissolved V and Mo beside Fe and Mn. All other
elements were already dissolved at around 50% or more with NaCl,
compared to the extracted amount with NH,OH-HCl. Therefore,
their extraction was not mainly driven by reduction.

The extraction of Ag appeared to be inhibited during the reduc-
ing condition because it was dissolved more significantly with
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NaCl than with NH;OH-HCI. As already shown with MgCl,, the
chlorides significantly influenced the solubility of Ag.

In conclusion, the effect of the chloride ions should also be con-
sidered, especially when NH,OH-HCl is used to investigate which
elements can be dissolved under a reducing condition.

3.3.6. Step 7 - Residue

The residue after the step 6 formed one of the most substantial
fractions for most elements, With around 80% and more, the lar-
gest residues were observed for Ti, Cr, Fe, and Sc.

3.4. Total dissolved solids in each extraction step
The determination of total dissolved solids considers both the

different amounts of metals in the ashes and the dissolved
anions. Fig. 9 shows the total dissolved solids in each extraction

uStep1 mStep2 wStep3 ~ Step4
mStep5 mStep6 mStep7
FA-A
FA-C
BA
0 20 40 60 80 100

Total dissolved solids (%)

Fig. 9. Total dissolved solids in each extraction step for the fly ashes FA-A and FA-C,
as well as for the bottom ash (two replicates each).
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from Figs. 1-3, normalized to 100%)
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(repeated experiment to verify reproducibility, two replicates)
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200 -
~ o’
& 100 4 : 3 .’ ; 4l T g i An
~ nA RH HH A na HH il 1 AM 1A | He K
< | L | O L T 1< (OO L | OO (O Tl Ol
3 o LU At i il! i il ad i Ri i AH (l: il
E Sr Ba \ Mn Fe Co Ni Zn Mo Ag Sb T Pb
bS]
3] .
@ H
% 200 A f
o H
o f
= i
& 150 Al
[} HH
x A
R (PO I O VR (I 1 A | O
AY He il HA o il HH HH HA aH
so {MAEML decde MG, MEA, e HE o MEA L BAE D MeEN LG
At i il il ol il ot A B ot
G0 | OO | O | O L (O Ot { O O] O
l: i i’ it ot ol o - 1 :
o 1 HEH g HH 4 ol HH 4 i ol i g
Y La Ce Pr Nd Sm Gd Dy Er Yb

Fig. 8. Quantity comparison of the extracted elements in the reducing step

with 0.3 M NH,OH-HCl and 0.3 M NacCl using the fly ash FA-C as an example.
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Table 3

Comparison of the total element contents in all the extraction steps with the analysis results of elemental composition. The sum of the extraction steps is given in percent relative

to the analysis results ( =100%).

Alkali and alkaline earth metals
Li Na K Rb Ca Sr Ba

FA-A 125 99 101 104 97 105 103
FA-C 157 100 124 85 98 95 93

BA 101 103 103 95 103 102 91
Other elements
Al Si Ti v Cr Mn Fe Co Ni

Cu Zn Ga Mo Ag Cd Sb Tl Pb Bi

FA-A 93 108 91 98 110 105 92 91 99
FA-C 99 116 87 91 101 95 90 85 96

98 92 87 116 67 101 88 114 95 101
96 94 79 110 111 91 93 107 68 105

BA 102 105 91 98 101 103 94 91 95 91 100 92 144 72 92 102 - 107 93
Rare earth elements
Sc Y La Ce Pr Nd Sm Gd Dy Er Yb
FA-A 116 97 100 91 107 108 114 95 128 102 116
FA-C 76 113 95 91 97 104 66 89 108 98 93
BA 93 96 94 93 92 97 86 97 102 101 86

* No data available, because Tl was below the limit of quantification.

step, for the fly ashes FA-A and FA-C, as well as for the bottom
ash sample. The amount of total dissolved solids was very sim-
ilar for both fly ashes in each extraction step. The water-
soluble fraction (step 1) in the fly ashes was significantly higher
than that in the bottom ash. As shown in Section 3.2, this was
due to the higher water solubility of the alkali metals in the
fly ash. Especially large quantities of Na and K were found in
the fly ash, leading to a high proportion of dissolved solids.
The water-soluble fraction after neutralization (step 2) was
higher for the bottom ash, mainly due to the large quantities
of dissolved Ca in this step. The amounts of dissolved solids in
the extraction steps 3-6 were similar for all ashes. The mass loss
due to the ion exchange (step 3) could be explained by the
exchange of heavier ions by Mg?". The residual fraction of the
bottom ash was higher than that of the fly ashes.

3.5. Validation of the results

In order to validate the measured concentrations in the extrac-
tion solutions, the element contents of all extraction steps were
added up and then compared to the analysis results of the elemen-
tal composition given in Table 2. A high agreement of mostly +10%
was observed (Table 3). This verifies the results of the sequential
extraction. [t must be considered that all the extraction steps were
afflicted with a certain error, which accumulated over all the
extraction steps. Despite this fact, the results agreed very well.

4. Conclusion

Fly ashes from different incineration plants with similar flue
gas cleaning had similar solubility behavior. Due to the observed
similar extractability of individual elements from the two investi-
gated fly ash samples, the binding forms must be similar too. Even
though the bottom ash consisted of several elements at signifi-
cantly different concentrations compared to the fly ashes, their
solubility behavior was also similar. The main difference between
fly ash and bottom ash was the solubility of the alkali metals,
whereby those in the bottom ash were less soluble than in the
fly ash. This information can for example be useful to assess
whether the bottom ash fine fraction could be extracted together
with the fly ash for example to obtain extracts for a subsequent
metal recovery.

The fact that it can take several hours for a fly ash suspended in
water to reach a strong alkaline pH is a substantial detail to note.
Therefore, it can be necessary to check whether a fly ash sample
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either does not or only slightly react alkaline so that the buffering
effect maintains a roughly neutral pH or whether it simply takes
some time until the suspension becomes significantly alkaline. This
has to be considered for example in applications where fly ashes
are pre-washed with water, because the dissolved amounts of par-
ticularly Cd, Tl, and Mo depend mainly on the pH at the end of the
washing process with the pH being strongly time-dependent.
Therefore, it can be necessary to adjust the washing time for each
fly ash sample, because the speed of the pH increase can differ
widely between different samples.

The proposed sequential extraction procedure in this work
should not be interpreted as an improvement of the Tessier proce-
dure because this procedure was developed for a different purpose.
In contrast to classical sequential extraction procedures, the pre-
sented modified procedure is better suited to obtain clear informa-
tion about the factors determining the solubility of individual
elements. For this, we recommend to change only one parameter
compared to the previous step, and to exclude interfering parame-
ters, such as pH differences. When cation ion exchange is investi-
gated, the effect of the anions must also be considered.

The comprehensive leaching data in this work is useful in all
processes where leaching of waste incineration residues is
involved. The data can for example help to find optimal leaching
conditions or to estimate the co-extraction of trace elements,
which might be undesired or interfere, beside the target elements
in a leaching process. The stepwise dissolution shows which condi-
tions are necessary for each element to be dissolved and to what
extent elements can be separated from each other by using differ-
ent leaching solutions.

The presented sequential extraction procedure could be modi-
fied; for example, investigating ion exchange via other ions than
Mg?*, using a different acid or pH to obtain the acid-soluble frac-
tion, or testing different reducing or oxidizing agents. Since only
small amounts were dissolved using the reducing agent NH,-
OH-HCI and oxidizing agent H;0,, other reducing/oxidizing agents
might have a greater impact on the solubility. Moreover, the proce-
dure could also be utilized for other samples beside waste inciner-
ation residues.
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Appendix A. Supplementary data

A.1. X-ray diffraction (XRD) analysis

Method

A mixture of 4 g ash and 1 g corundum (internal standard) was grinded for 6 min at 55 Hz in
an XRD-Mill McCrone (Retsch) without the addition of any liquid. The powder mix (grain size
1-10 pym) was then mounted on a sample holder, disorientated and measured on an X'Pert?
PRO Powder XRD (Malvern Panalytical) with the settings stated below. The data was

evaluated using the software TOPAS-Academic-64 V6 and Rietveld refinement.

Start Position: 5.0044°20 Divergence Slit Type:  Fixed

End Position: 74.9764°20 Divergence Slit Size:  0.25°

Step Size: 0.017°20 Anode Material: Cu

Scan Step Time:  200.025 s Generator Settings: 40 mA, 40 kV
Results

Table A.1. Mineralogical composition of the fly ash samples FA-A and FA-C as well as of the bottom

ash (BA) sample determined by XRD.

Mineral phase Abbreviation Chemical formula wt.%

FA-A FA-C BA
Halite Ha NaCl 12.4 12.8 n.d.
Sylvite Sy KClI 2.4 3.2 n.d.
Anhydrite An CaS04 8.5 8.8 2.9
Quartz Qtz SiO2 34 1.2 13.6
Calcite Cc CaCOs 37 37 4.8
Portlandite Por Ca(OH)2 0.8 2.8 4.3
Aphthitalite Aph KsNa(SOa4)2 2.6 6.8 n.d.
Bassanite Bas CaS04:0.5 H20 4.8 6.2 n.d.
Yavapaiite Y KFe(S0a)2 4.5 2.1 n.d.
Larnite Lar CazSiO4 10.4 7.4 10.3
K-Zn-Chloride K2ZnCls 9.4 n.d. n.d.
Rutile Rt TiOz 0.9 n.d. 0.2
Ankerite CaFe(COs)2 2.2 n.d. n.d.
Periclase MgO 04 n.d. 1.2
Albite Ab Na(AlSizOg) n.d. n.d. 1.9
Gehlenite Ge CazAl(AISIO7) n.d. n.d. 7.1
Hematite He Fez0s n.d. n.d. 35
Wollastonite CaSiOs n.d. n.d. 4.9
Amorph + unidentified 33.7 45.0 45.3

n.d. = not detectable
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A.2. Determination of the necessary leaching times

This section gives information about the chosen leaching times and the change in the
concentration of several elements during the extraction steps. These concentration curves
were the basis of decision-making for the required leaching time. The temporal leaching
behavior varied for different elements. Thus, compromises were made between a complete
dissolution and a reasonable experiment duration. The pH values were equal at each sampling.

Step 2 — Water-soluble fraction (neutral conditions)

It was assumed that compounds precipitated during step 1 re-dissolved fairly quickly because
they were not enclosed by the fly ash matrix anymore. Therefore, a leaching time of 3 h was
considered to be sufficient.

Step 3 - lon-exchange fraction

£ 250

£

3 —e—Ca
1S J

5 200 —e—Sr
3

< —e—Ba
@

(o]

=

3 100 ' : ‘ .

T 0 5 10 15 20

Time (h)

Fig. A.2. Concentration curves for several elements during the step 3 using the fly ash FA-A as an
example. The extracted amounts at different time points are relative to the first sampling after 1 h. A
leaching time of only 6 h was chosen in the final sequential extraction experiments because this step
aimed to get qualitative rather than quantitative information about the exchangeable elements.
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Step 4 — Acid-soluble fraction
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Fig. A.3. Concentration curves for several elements during the step 4 using the fly ash FA-A as an
example. The extracted amounts at different time points are relative to the first sampling after 3 h. A
leaching time of 24 h was chosen in the final sequential extraction experiments.
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Step 5 — Reducible fraction
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Fig. A.4. Concentration curves for several elements during the step 5 using the fly ash FA-A as an
example. The extracted amounts at different time points are relative to the first sampling after 3 h. A
leaching time of 24 h was chosen in the final sequential extraction experiments.

Step 6 — Oxidizable fraction

The leaching time in the step 6 was set to 24 h when the gas evolution by decomposing H20>
had largely finished.
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ARTICLE INFO ABSTRACT

Keywords: The elements K, Ca, Ti, Mn, Fe, Cu, Zn, Rb, Sr, Pb, and Br in a fly ash sample from municipal waste incineration
Total-reflection X-ray fluorescence were determined by total-reflection X-ray fluorescence (TXRF) spectrometry. The fly ash was analyzed after
spectrometry microwave-assisted digestion and in the form of suspensions, each with several modifications. The results of the

Waste incineration fly ash
Sample preparation
Slurry sampling

Angle scan

different sample preparation methods were compared with regard to precision and accuracy. Multiple sample
spots were prepared for each sample preparation method, and the spread of the results was used as a measure of
the precision. Accuracy was evaluated by comparing the median of the results with ICP-OES/ICP-MS analysis
results. Additionally, the results were validated using a waste incineration fly ash reference material.

Different internal standards and the influence of adding a surfactant were tested for the digestion solution. For
the suspensions, the fly ash sample was subjected to different grinding levels and suspended both in water and in
1% w/w nitric acid. Light microscope images were taken of the dried sample spots on the sample carrier, and
their size and shape were visually compared.

Some sample preparation methods led to an inhomogeneous depth distribution of the analytes and/or the
internal standard within the sample spots. This inhomogeneity was detected by angle scans and was found to be
a main reason for systematic errors and/or a low precision. With optimized preparation of the suspension and of
the digestion solution, comparable precision could be achieved, even in the range of the instrument precision. A
suited sample preparation method that requires the least effort and least use of chemicals is presented for each

element.

1. Introduction

Fly ashes are fine-grained particles produced during the incineration
of waste. They are carried in the flue gas and usually separated by filters
or cyclones. They are classified as a hazardous material because of their
high concentrations of heavy metals. They are usually stored in land-
fills, where they can pose a risk to the environment. However, in the
past few years, they have been increasingly regarded as a source for
secondary raw materials [1-3]. In Switzerland, an industrial process
was established for recovering, inter alia, Zn, Pb, and Cu from fly ash
(FLUREC process) [4]. The recovery of metals is even prescribed by law
from 2021 onwards (VVEA, art. 54, 1/1/2016). These examples de-
monstrate why a fast and simple analytical method to monitor the
elemental composition of fly ashes is needed. Because of the various
compositions of fly ashes from different incineration plants, matrix-
dependent X-ray fluorescence (XRF) spectrometry is only suitable to a

* Corresponding author.
E-mail address: jasmin.haberl@tum.de (J. Haberl).

https://doi.org/10.1016/j.sab.2019.02.004

limited extent. Total-reflection X-ray fluorescence (TXRF) spectrometry
is a less matrix-independent and more sensitive alternative which ad-
ditionally enables simple measurements of suspensions. TXRF was al-
ready successfully applied for monitoring the metal concentrations in
metallurgical slag before and after a recycling process [5].

Many different sample preparation techniques have been developed
for solid samples for TXRF analysis. Mineralization, usually achieved by
digestion, is the most common technique, being applied in 31% of the
publications related to TXRF analysis from 2008 to 2012. Suspended
samples were used in only 12% of cases even though this method is less
elaborate than mineralization [6]. The literature includes only a few
studies in which TXRF was used to analyze waste incineration fly ash
[7-11]. In many cases, only a reference material was analyzed and the
ash was usually digested prior to measurement. The ability to directly
measure solids, thus enabling rapid sample preparation, is one of the
greatest strengths of TXRF, and this advantage should be exploited.
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In this study, the analytical results of digestions and suspensions
were compared with regard to precision and accuracy and the reasons
for differences were identified. Because the preparation of suspensions
is less elaborate, we evaluated whether the same precision could be
achieved as with homogenous digestion solutions. We aimed to identify
the sample preparation method for each element that requires the least
effort and least use of chemicals.

Emphasis was placed on angle scans. We recorded the fluorescence
intensity as a function of the incidence angle in the range below the
critical angle of total reflection. This approach enables investigation of
the depth distribution of the analytes and the internal standard within a
sample spot. According to Mori and Uemura [12], the depth distribu-
tion is often overlooked and difficult to control and is therefore the
most important error factor in TXRF analysis. In the literature, angle
scans have been used only in a few studies to verify a homogenous
depth distribution and, thus, the reliability of the measured values
[13,14]. However, the course of the angle-dependent intensity profiles
has been well investigated for different types of residues on the sample
carrier like different particle sizes and shapes or layer structures
[15,16].

2. Material and methods

In all experiments, ultrapure water (UPW) obtained from a Direct-
Q® 5 UV water purification system (Merck Millipore) was used.

2.1. Description of the fly ash samples

The experiments were conducted with a fly ash sample originating
from a municipal waste incineration plant in Germany. This sample has
already been the subject of previous studies. A detailed description as
well as validated analysis data for K, Ca, Ti, Mn, Fe, Cu, Zn, Rb, Sr, and
Pb determined by inductively coupled plasma optical emission spec-
troscopy (ICP-OES) or inductively coupled plasma mass spectrometry
(ICP-MS) can be found in previous work [17]. The experiments were
conducted with fly ash sample C (this sample labeling refers to that
used in Ref. [17]). In the present study, we used the analysis data given
in Ref. [17] to validate the TXRF measurements. Fly ash C was used in
two additional studies [18,19]. The reference material BCR 176R (fly
ash collected in the electrostatic filters of a waste incineration plant)
was used for additional validation.

2.2. Preparation of the fly ash digestion solutions

A sample quantity of 300 mg was digested with microwave assis-
tance using 8 mL of nitric acid (65% w/w for analysis, Merck, purified
by subboiling distillation), 1 mL of hydrochloric acid (30% w/w su-
prapur, Merck), and 1.5mL of hydrofluoric acid (47% w/w ultrapur,
VWR). Excess hydrofluoric acid was neutralized with 9 mL of saturated
boric acid (suprapur, Merck) solution. A detailed description of the
applied digestion procedure can be found in our previous work [17]. An
aliquot of the digestion solution was diluted with UPW in a centrifuge
tube so that 50 mg of digested fly ash were finally dissolved in a volume
of approximately 40 mL,

When Se was used as an internal standard, 0.25 mL of a 1000 mg/L
Se standard solution (in 0.5 mol/L nitric acid, Bernd Kraft) was added.
When Ni was used as internal standard, 0.5mL of a 1000 mg/L Ni
standard solution (in 2% w/w nitric acid, Sigma-Aldrich) was added (a
higher amount than Se due to the lower fluorescence yield). When a
surfactant was used, 400 uL of Triton X-100 (Alfa Aesar) was added,
corresponding to a surfactant concentration of approximately 1% v/v.

2.3. Preparation of the fly ash suspensions

Fly ash was ground by wet ball milling using zirconium oxide
grinding tools (PM 100, Retsch). 10 g of ash was ground with 10 mL of
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ethanol (absolute for analysis, Merck Millipore) at 650 rpm for different
grinding times (5 min, 20 min, and 60 min). Wet milling prevented the
fly ash from caking on the grinding bowl. The ethanol was allowed to
evaporate at room temperature before the samples were dried at 105 °C
to constant weight (HE53, Mettler-Toledo).

Sample quantities of 100 mg fly ash were suspended in centrifuge
tubes in 40 mL of water or 40 mL of 1% w/w nitric acid (prepared from
a 65% w/w nitric acid solution for analysis, Merck, purified by sub-
boiling distillation). 0.5 mL of a 1000 mg/L Se standard solution (in
0.5 mol/L nitric acid, Bernd Kraft) were added as an internal standard.
Unless otherwise stated, the suspensions were treated ultrasonically for
30 min in a water bath (37 kHz, 160 W, Proclean 3.0DSP, Ulsonix).

2.4. Sample spot preparation on the sample carrier and TXRF measurements

TXRF measurements were performed with an Atomika 8010 TXRF
spectrometer operated at 50kV and 40mA. The instrument was
equipped with a Mo-target X-ray tube and a 80 mm? Si(Li) detector (due
to an 8 mm diameter aperture, the detector can view an area with a
diameter of up to 8 mm). During the measurements, the measuring
chamber was flushed with nitrogen from a connected gas bottle. In a
laminar flow cabinet, 1 pL of a prepared solution/suspension was pi-
petted on a Si wafer (sample carrier), which provides space for several
spots. With 1 L, the deadtime was in an ideal range. A stencil was used
to ensure an exact positioning of the spots on defined positions (see
graphical abstract). Suspensions were either shaken directly before
each pipetting or continuously stirred with a stir bar during pipetting.
Samples were pipetted from the upper layer of the suspension. The
solvent was either gently evaporated on a heating plate or allowed to
evaporate at room temperature. The incidence angle of the excitation
radiation was set to 0.6 mrad and the lifetime (effective measurement
time) was 120s. For studies of the angular dependence of the signal
intensity, angle scans were performed. The incidence angle was in-
creased in 0.1 mrad increments from 0.1 to 1.7 mrad (1.8 mrad is the
critical angle of total-reflection for Mo-Ka radiation on Si) by tilting the
sample stage relative to the incidence beam as shown in Fig. 1. A
spectrum of the same sample spot was acquired at each angle.

The Atomika 8010 TXRF spectrometer was introduced in the 1980s
with software running under the operating system MS-DOS.
Consequently, the evaluation software is quite user-unfriendly and
cumbersome compared with modern software. Additionally, spectra
processing is severely restricted due to low computing power. The
Atomika software was therefore just used for spectra acquisition. For
spectra evaluation, the software Spectra 5.3® was used. This software
was developed by Bruker AXS Microanalysis GmbH for acquisition and
evaluation of XRF spectra and is integrated into modern Bruker TXRF
spectrometers. The raw spectra recorded with the Atomika software
were converted into the Spectra 5.3%-compatible file format in an au-
tomated process.

2.5. Particle size measurements

Particle size distributions were determined by laser diffraction using
a SALD-2201 particle size analyzer (Shimadzu). Samples were dispersed

Reflected
beam

Incident
beam

Silicon wafer

Fig. 1. Schematic illustration of the angle scans.
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Fig. 2. TXRF spectrum of fly ash C (a: entire spectrum, b: magnification). The emission lines of the analytes K, Ca, Ti, Mn, Fe, Cu, Zn, Br, Rb, and Sr (K-series) and of
Pb (L-series) are labeled. Additionally, the K-series emission lines of possible internal standards (Ni and Se) are labeled.

in isopropyl alcohol and treated with ultrasound for 1min before
measurement.

2.6. XRF measurements

For XRF measurements pressed pellets were prepared from 100 mg
of sample and 20 mg of wax (Cereox, BM-0002-1, Fluxana) as a binding
agent. The sample and wax were gently mixed to maintain the particle
size of the sample and then pressed into pellets. Measurements were
performed with an EDX-800HS spectrometer (Shimadzu) equipped with
a Rh-target X-ray tube (voltage 50kV, current 23-25 A, excitation
time 100 s, collimator diameter 5 mm, vacuum).

2.7. Microscope images of sample spots

To compare the size and shape of different sample spots on the Si
wafer, light microscope images were taken (MZ8, Leica Microsystems).

3. Results and discussion

3.1. General applicability of TXRF spectrometry on waste incineration fly
ash

Waste incineration fly ash contains a broad range of elements over a

Table 1
Overview of the various sample preparation methods M1-M15,

wide concentration range. Fig. 2 shows a TXRF spectrum of the fly ash
used in this study. TXRF analysis of the detected elements K, Ca, Ti, Mn,
Fe, Cu, Zn, Pb, Br, Rb, and Sr was the focus in this work. As fluorescence
signals were present over the whole energy range, the choice of possible
internal standards was limited. The main requirements for a suitable
internal standard are a negligible concentration in the sample and no
substantial overlap with other fluorescence signals. This applied, for
example, to Ni and Se, which were both tested in this study. At 38 mg/
kg, Se was present in a lower concentration than Ni (122 mg/kg) in the
fly ash sample and was therefore preferred.

3.2. Overview of the various sample preparation methods

An overview of all investigated sample preparation methods
M1-M15 is given in Table 1. The influence of the different sample
preparation methods on the precision and accuracy of the results was
determined. For this, 10 sample spots of each solution/suspension were
prepared on the sample carrier. The spread of the results is a measure of
the precision. Accuracy is defined as the closeness of the measured
value to the true value, which is, by nature, indeterminable. Therefore,
the agreement of the median of the 10 sample spots with the validated
ICP-OES/ICP-MS analysis results was used to evaluate the accuracy.

The precision and accuracy of the different sample preparation
methods of the fly ash are shown in Figs. 3 and 4. Additionally, the

Sample Internal standard and additives Ultrasonic treatment Suspension homogenization Sample spot drying
Digestion solutions
M1 - Se - - Heating
M2 - Se - - Room temperature
M3 - Se + 1% v/v Triton X-100 - - Heating
M4 - Ni - - Heating
Suspensions in water
MS Original ash Se 30 min Shaking Heating
M6 Original ash Se 30 min Stirring Heating
M7 Ground ash (5 min) Se 30 min Shaking Heating
M8 Ground ash (20 min) Se 30 min Shaking Heating
M9 Ground ash (60 min) Se 30 min Shaking Heating
Suspensions in 1% v/v nitric acid
M10 Original ash Se 30 min Shaking Heating
M1l Ground ash (5 min) Se 30 min Shaking Heating
M12 Ground ash (20 min) Se 30 min Shaking Heating
M13 Ground ash (60 min) Se 30 min Shaking Heating
M14 Original ash Se 3min Shaking Heating
M15° Ground ash (60 min) Se 30 min Shaking Room temperature
2 Only for microscopic investigation in Section 3.5.
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Fig. 3. Instrument precision (IP) and TXRF results for K, Ca, Ti, and Mn with sample preparation methods M1-M14. The data of the 10 sample spots prepared with
each method are shown separately and as box plots with whiskers from the minimum to the maximum value. Measurements associated with problems discussed in
the text are marked in red color. The validated ICP-OES/ICP-MS analysis data [17] are given in the bottom right corners. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

instrument precision (IP) was determined by measuring one sample
spot (M3) 10 times to determine the maximally possible precision that
can be achieved with the instrument used in this work. The results are
discussed in Sections 3.3 and 3.4.

3.3. Measurement of fly ash digestion solutions

In the following section, the measurement of fly ash digestion so-
lutions with TXRF is discussed. Specifically, the results of digestion
preparation methods M1-M4 shown in Figs. 3 and 4 are discussed.

In method M1, the internal standard Se was added to the diluted
digestion solution of the fly ash and 10 sample spots were gently dried
on a heating plate. Because the solutions were fully homogenous, a high
precision was expected. However, high scattering of the results was
observed. Allowing the sample spots to dry at room temperature (M2)
did not improve the precision. With both methods, only Cu showed a
slightly better precision compared with the other elements.

To explain these phenomena, an angle scan of some spots was
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conducted. The angular dependences of the signal intensities of one
spot are shown in Fig. 5 (M1). Se and Cu exhibited a substantially
different angular behavior than the other elements. This observation
can be explained as follows [14]. For an accurate quantification, all
analytes as well as the internal standard must be evenly distributed
within the sample spot to achieve an even excitation by the field of
standing waves. In this case, the fluorescence intensity ratios of all
elements are independent of the incidence angle. If the analytes or the
internal standard exhibit an inhomogeneous depth distribution within
the sample spot, different amounts of these elements are excited at
various angles, which leads to different intensity ratios between the
analytes and the internal standard at different angles, in turn leading to
inaccurate results. The Se/Cu intensity ratio varied less with the in-
cidence angle, whereas the intensity ratio between Se and the other
elements varied more. This indicates that Se and Cu had a similar depth
distribution within the sample spot. The other elements had the same
depth distribution among each other, as evident from their constant
intensity ratios at each angle, but their depth distribution differed from
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Fig. 4. Continuation of Fig. 3 for the elements Fe, Cu, Zn, Rb, Sr, and Pb.

those of Se and Cu. The weak angle dependency of the Se/Cu intensity
ratio was likely caused by the proportion of Se and Cu distributed
differently. Because of the varying intensity ratio with the internal
standard, different concentrations were obtained at different angles.
Considering all these issues, the high scattering between several spots
may be explained. The depth distribution of Se is probably not the same
in each spot. The measurement of several spots at the same incidence
angle thus led to different results i.e. a high scattering.

The formation of an inhomogeneous depth distribution was pre-
vented by adding a surfactant. In sample preparation method M3, Se
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was added again as an internal standard to the diluted digestion solu-
tion, along with the surfactant Triton X-100 with a final concentration
of 1% wv/v. Surfactants lead to the formation of a thinner sample layer
on the sample carrier during the drying process (see Section 3.5). Triton
X-100 is commonly used in the sample preparation of suspensions but is
not usually used for digested samples [6]. Very precise results and good
accuracy were achieved with the surfactant, confirming that the high
scattering of the results without surfactant (M1 and M2) was caused by
the inner structure of the sample spots. Triton X-100 is therefore also
useful in the sample preparation of solutions.
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An angle scan was performed again to investigate the depth dis-
tribution (Fig. 5, M3). Se and the analytes showed the same angular
behavior, except for Rb. Although the measured values for Rb exhibited
low scattering and the median agreed to 90% with the ICP-MS analysis
result, the angle scan revealed that potential error remained.

For this reason, a further modification in sample preparation was
tested (M4). Ni was added as internal standard instead of Se, without a
surfactant. The obtained precision and accuracy was comparable with
those achieved with Se and surfactant (M3); however, the concentration
of Rb was higher (117% agreement with the ICP-MS result). An angle
scan revealed that all elements showed the same angular behavior
(Fig. 5, M4). Therefore, we concluded that method M4 (Ni), not method
M3 (Se and surfactant), gives the correct results for Rb and that a
surfactant is not necessary when Ni is used as the internal standard.
This is advantageous because the use of a surfactant has some draw-
backs, such as foaming, and the use of Triton X-100 led to a sub-
stantially higher scattering of the Mo excitation radiation, causing a
significant increase of the Mo signal. This increase in Mo signal in-
tensity in turn increased the deadtime of the Si(Li) detector. The in-
strument precision and the precision achieved with the digestion so-
lution using Ni as internal standard (M4) were comparable; therefore,
no further optimization of the precision was possible with the used
instrument.

The presented results show the importance of angle scans in the
TXRF method development and validation. A clear statement of which
method provides the correct result for Rb would not have been possible
based solely on the degree of agreement with the ICP-MS analysis re-
sult. Some other studies have reported similar observations regarding
angle scans. Fernandez-Ruiz and Garcia-Heras [13] analyzed suspen-
sions of archaeological ceramics with TXRF. They also found an
anomalous angular behavior for the elements that had a poor recovery.
Prange et al. [14] analyzed both a suspended and a digested coal fly ash
reference material with Se as the internal standard. They found an
anomalous angular behavior for Se only for the suspended sample. In
the present study, we found that anomalous angular behaviors can also
occur when solutions are measured and that such effects cannot be
predicted with certainty.

For an additional validation, a digestion solution of the BCR 176R
reference material was analyzed applying both methods M3 (Se and
surfactant) and M4 (Ni) (Table 2). Again, the recovery of Rb with
method M4 was approximately 20% higher than that with method M3
and the recovery was better with method M4 (81% vs. 102%). The
recovery differences for Cu can be explained by an insufficient decon-
volution of the signal overlapped with that of the internal standard Ni
in method M4. As the Cu content was lower in the reference material
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Table 2

Concentrations of several elements in the BCR 176R reference material and in
the measurement solutions (50mg of the reference material dissolved in
40 mL). The recoveries with sample preparation methods M3 and M4 are given
(median and relative standard deviation of 10 sample spots).

Coneentration in Recovery (%)

Solid (mg/kg) Measurement solution (mg/L) M3 M4
Mn 730° 0.9 99 + 8 99 = 5
Fe 13,100" 16.4 9 + 4 95 + 2
Cu 1050" 1.3 103 = 4 89 £ 6
Zn 16,800" 21.0 105 + 1 97 = 1
Rb 102° 0.1 81 = 10 102 = 3
Pb 5000" 6.3 100 + 2 93 + 2

2 Certified values.
® Indicative values.
¢ Additional material information.

compared to that in fly ash C (1050 mg/kg vs. 7154 mg/kg, respec-
tively), this had a greater influence on the result for the reference
material than for fly ash C.

The results presented in this section were also observed for a fly ash
sample from another waste incineration plant. The differences and
characteristics of the investigated sample preparation methods were
therefore not only valid for fly ash C.

3.4. Measurement of fly ash suspensions

In contrast to homogenous digestion solutions, fly ash suspensions
are inhomogeneous through the contained particles. The particle size
distribution of the original fly ash C and of different grinding levels are
shown in Fig. 6. The particle size distribution of fly ash C was in a
similar range like fly ash samples from other incineration plants. A
comparison with fly ash samples originating from five other plants can
be found in Fig. S1 in the Supplementary data in Appendix A. Sus-
pensions were prepared both in water (M5-M9) and in 1% w/w nitric
acid (M10-M14) using the original fly ash C as well as fly ash C samples
subjected to the different grinding levels. Again, the precision and ac-
curacy of different sample preparation methods was compared. The
precision and accuracy of the TXRF measurements shown in Figs. 3 and
4 are discussed in this section.

Se proved to be suitable as an internal standard for the suspension
measurements and was used for this reason. Fly ashes are alkaline in
water [19,20]. Because the added Se standard solution contained nitric
acid, the pH of the suspensions in water was in the approximate range
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Fig. 6. Particle size distribution of fly ash C and of different grinding levels.

5-7. An ultrasonic treatment was necessary for all of the suspensions to
break agglomerates, which were already visible to the naked eye. Ul-
trasound also accelerates the dissolution of solids [21-23].

Suspending the original fly ash in water (M5) led to an under-
estimation of several elements, especially Ca, Ti, Mn, Fe, and Sr.
Grinding was necessary to achieve accurate values and also to achieve
better precision for these elements. In contrast to the digestion mea-
surements, a significantly lower scattering was observed with suspen-
sions when Se was used as internal standard. Maybe the particles in the
suspensions inhibit the inhomogeneous crystallization of Se within the
sample spot. The acid mixture in the digestion solution could also in-
fluence the processes occurring within the sample spot during drying.
No significant difference was observed between the different grinding
times (M7-M9). The underestimations indicate that Ca, Ti, Mn, Fe, and
Sr were mainly present as large and insoluble particles that quickly
settled, resulting in an unrepresentative aliquot withdrawn from the
upper layer of the suspension. After particle size reduction, the particles
settled slower and were therefore more evenly distributed in the sus-
pension. To avoid particle settling in the suspensions prepared from
original fly ash, sample spots were prepared with 1-uL aliquots with-
drawn while the solution was continuously stirred with a stir bar (M6)
instead of being withdrawn after the solution was shaken (M5). This
approach did not affect the underestimation of Ca, Ti, Mn, Fe, and Sr.
Therefore, particle settling was not the main reason for the under-
estimation.

XRF measurements were performed with pressed pellets prepared
from the original fly ash and from the ground fly ash (60 min). The
fluorescence intensities were compared for each element (Fig. 7).
Again, a substantially lower signal intensity was observed for Ca, Ti,
Mn, and Fe with the original fly ash even though the particles were
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fixed in the pellets in contrast to the suspensions where particle settling
occurs. Because the precision was high, the possibility that the differ-
ences were caused by inhomogeneities within the pellets was excluded.
The reason for the differences is losses through X-ray absorption within
the particles. The intensity of the emitted X-ray fluorescence is lower
for large particles than for the same mass of small particles [24], in-
dicating that Ca, Ti, Mn, Fe, and likely also Sr are present as large and
insoluble particles in the fly ash. It must be noted, that the XRF and
TXRF measurements are not directly comparable because the excitation
conditions were different and because, unlike the fly ash in the pellets,
the fly ash in the suspensions was partly dissolved. XRF could never-
theless be useful in distinguishing between particle settling effects and
X-ray absorption effects caused by too large particles.

The TXRF results of the other elements (K, Cu, Zn, Rb, and Pb)
showed no or only a small difference between the original and the
ground fly ash. Grinding was therefore not necessary for analysis of
these elements. However, accurate determination of Ca, Ti, Mn, Fe, and
Sr requires reduction of the particle size.

Because grinding is quite elaborate, diluted acid was tested as a
suspension liquid instead of water to achieve a particle size reduction
through stronger dissolution of the ash. The original fly ash and the fly
ash samples subjected to three different grinding levels were suspended
in 1% w/w nitric acid (M10-M13). The recoveries were similar or
slightly higher than those for the ground ashes in water; only the results
for Ti and Fe were still underestimated and imprecise with the original
ash. For all of the other elements, no substantial difference in accuracy
and precision was observed between the original and the ground fly ash
in 1% w/w nitric acid. Grinding was therefore not necessary if 1% w/w
nitric acid was used as a suspension liquid. Grinding or digestion of the
fly ash was necessary only for the determination of Ti and Fe.

To further shorten the sample preparation time, the ultrasonic
treatment was reduced to 3 min (M14). This modification only mar-
ginally affected the results. Additionally, the element distribution be-
tween the solid and the liquid phase was determined in a suspension
prepared via method M14, After centrifugation, the elements K, Ca, Cu,
Zn, Rb, Sr, and Rb were found almost completely in the liquid phase
(92-106% relative to the median values obtaines with method M13),
although substantial amounts of solids remained in the suspension. Ti,
Mn, and Fe were only partly in the liquid phase (23%, 75%, and 41%,
respectively, relative to the median values obtaines with method M13).
Details can be found in Fig. S2 in the Supplementary data in Appendix
A.

Additionally, an angle scan was performed on a spot prepared via
method M14 (Fig. 5, M14). The angular behavior of all elements was
found to be equal. Suspensions of the BCR 176R reference material
were not examined because the reference material is only available in
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Fig. 7. XRF measurements of the original and the 60-min-ground fly ash C. The signal intensities of the original ash were relative to the signal intensities of the

ground ash. Two pellets were prepared for each sample and were measured on both sides, resulting in four replicate measurements.
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Fig. 8. Light microscope images of representative sample spots prepared with methods M1, M2, M3, M9, M13, and M15, respectively.

ground form. Analogous to the digestion solution measurements, the
presented results in this section were also observed for a fly ash sample
from another waste incineration plant. The differences and character-
istics of the investigated sample preparation methods were therefore
not only valid for fly ash C.

3.5. Influence of the sample preparation method on the shape of the sample
spots

The different sample preparation methods also led to visual differ-
ences in the shape and size of the sample spots. Light microscope
images of some representative sample spots are shown in Fig. 8.

Spots prepared from digestion solutions with Triton X-100 (M3)

89

81

were considerably larger than those prepared without surfactant (M1).
On the one hand, the use of surfactant leads to a thinner sample layer;
on the other hand, the spreading of the sample on the carrier can lead to
an exceedance of the detectable area. Spots without surfactant formed a
ring due to the coffee-ring effect when they were dried on a heating
plate (M1). Spots dried at room temperature (M2) did not exhibit this
effect and had a dot-like shape instead. However, as shown previously,
the shape did not influence the measurement results.

Sample spots of suspensions (M9, M13, and M15) were larger than
the digestion solution spots (without surfactant). The digestion droplets
likely first shrank without deposition of solids until solids began to
crystallize. This effect is evident from a thin outer ring, which was
likely the initial border of the droplet (see arrows in Fig. 8). The
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suspension spots were larger because particles immediately deposited
as soon as the droplet started drying, leading to a larger spot area. The
ring formation was less significant than in the digestion spots (M1) and
even less significant when the suspension spots were dried at room
temperature (M15).

3.6. Special case: analysis of Br

The determination of Br is complicated by the fact that bromide
volatilizes as HBr from acid solutions [25]. The majority of Br volati-
lized from sample spots prepared from digestion solutions and sus-
pensions in 1% w/w nitric acid. Because of the volatility, we assume
that Br is predominantly present in the form of bromides. Br must
therefore be determined in aqueous suspensions.

The Br concentration in the BCR 176R reference material is stated as
836 mg/kg as additional material information. With sample preparation
method M5 (Se as internal standard, 30 min ultrasonic treatment,
sample spot drying on a heating plate), a recovery of 88 * 3% was
achieved using the as-received reference material. The pH of the sus-
pension was 7. Comparable recoveries were obtained with a reduced
ultrasonic treatment time of 3 min (89 + 19%) and when the spots were
dried at room temperature (85 *= 2%). Because the reference material
is only available in ground form, the necessity of grinding was de-
termined for fly ash C. No influence of the grinding process on the
obtained concentration or on the precision was observed, likely because
the water solubility of bromides is usually high.

4. Conclusion

TXRF proved to be a suitable technique for the fast and simple de-
termination of a broad range of elements in waste incineration fly ash.
The same accuracy and precision can be achieved with suspensions as
with digestion solutions. The precision was even in the range of the
instrument precision in this study. An elaborate digestion is therefore
not necessary. For an accurate and precise determination of Cu, Zn, Rb,
and Pb, preparing a suspension of the fly ash in water without grinding
is sufficient. As mentioned in the introduction, the elements Cu, Zn, and
Pb are of main interest in the recovery of valuable metals from fly ash.
It is advantageous, that these elements can be determined with this
simple sample preparation method. When K, Ca, Mn, and Sr are also to
be determined, 1% w/w nitric acid is recommended instead of water to
obtain accurate and precise results. Grinding of the ash is necessary
only for the determination of Ti and Fe. Because of the volatilization of
Br as HBr, this element must be determined in a neutral aqueous sus-
pension. Depending on the desired accuracy and precision of the re-
sults, the sample preparation can be selected accordingly. Measuring
several replicates is highly recommended for the suspensions because
inhomogeneity of the suspensions can cause outliers.

Angle scans of sample spots are an important tool for method de-
velopment and validation to identify inhomogeneous depth distribu-
tions within a sample spot. These inhomogeneous depth distributions
are hardly predictable and are dependent on the sample. Such in-
homogeneities can lead to both low precision and systematic deviation.

As the results in this study could be reproduced with a further fly
ash sample from a different waste incineration plant, the presented
results are not only valid for the sample investigated in this study but
are transferable to similar fly ash samples.
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