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Abstract

Bottom ash (BA) samples from a municipal waste incinerator in Poland were collected to investigate metallic components.
Numerous metal-rich phases were present in the BA as a part of the incombustible waste fraction, concentrated and modified
during thermal treatment. Metallic components in the BA occurred as heterogeneous assemblages of elements with various
oxygen content. Fe- and Al-rich occurrences prevailed other types of compositions (e.g. Cu-, Zn- and Ti-rich). Elements in metal-
rich phases co-occurred with each other (e.g. Fe occurred with Si, Ca, P, Al and Ti; Al occurred with Fe, Si and Ca; Zn occurred
with Ca, Al and Si).
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1. Introduction

The increasing need for raw materials forces the mining industry to use low grade ores and allows the
consideration of materials previously treated as waste, as a resource. In modern waste management, waste
incineration residues represent significant volume of materials that need to be managed or landfilled (this is not
recommended due to environmental and legislative issues). The main aim of using waste thermal treatment is to
reduce its mass and volume with its simultaneous sanitization [1]. Waste thermal treatment allows additionally to
recover thermal energy from the incineration. It is used to reduce incineration costs through production of electricity
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or using heat in the technological processes or as additional source in a district heating. On average 30% of the waste
mass remain in the form of solid post-process residues [2]. The BA is produced in the highest quantity and it is the
main reservoir of the metallic elements taking into account its mass and elements absolute content [3].

The global trend in waste management is to recover or reuse as much as possible of valuable waste components
to extend their lifetime and to follow the policy of Zero Waste. Selective waste collection and recycling is effective
for these used products which are composed of pure metals or when it is easy to separate metallic components from
others non-metallic parts. They often need cleaning and other purification steps before further use. Recovering of
metals entrapped in the BA looks promising because of their concentration by flammable components removal
during incineration. However, after incineration metals might be covered by ash material and/or oxidized, thus
making it further processing more difficult. Incineration also significantly reduce the amount of waste which need to
be processed for metallic elements recovery [4].

The BA from municipal solid waste incineration (MSWI) is a heterogeneous material composed of ash fraction
(formed during the thermal treatment) and residual components barely affected in the furnace. The residual
components are mostly composed of fragmented glass and ceramics and fragments of metal products (from few mm
up to 3-5 cm in size). The BA chemical and mineral composition is to some extent diversified and mostly related to
the composition of the waste in the incinerator operational area but also other factors (e.g. boiler characteristic,
incineration temperature, used waste preparation technologies) [5-7]. That makes important the studies on the BA
valuable components and their distribution in the material, in terms of their further processing.

The MSWI BA is an easily accessible material which can be used as a resource (e.g. mentioned metallic
components) or as a raw material. The concentrations of some elements (e.g. Cu, Zn, Mg) in the BA were reported
as comparable to low- and medium-grade ores [8]. By using valorization or extraction techniques it is possible to
extend the range of its possible application [9]. The techniques of ferrous metal products separation using simple
magnets and non-ferrous metal products using eddy current separators are widely used. To increase efficiency of the
separation, techniques of grains size reduction should be applied (e.g. crushing, high voltage fragmentation) [10].

The aim of this study is to investigate metallic components of the BA to determine its usefulness as a resource of
the metallic elements. Studies were based on the metallic components description: their chemical composition, sizes,
distribution within the BA and characteristic of the metallic elements co-occurrences. The BA was characterized
using chemical and mineralogical methods with quantitative determination of the amorphous and crystalline phase.

2. Materials and analytical methods
2.1. Bottom ash samples

To investigate distribution of metallic elements within metallic components in the BA, eight samples were
collected in 2015 and 2016 (totally ca. 100 kg, 6-14 kg each sample). Material from municipal waste thermal
treatment was obtained in the incineration plant in Poland situated in a big city (over one million of inhabitants),
which incinerates 48 000-55 000 tons of waste per year. Three types of solid residues are produced there:
the BA (Fig. 1a), the air pollution control residues (APC) and the fly ash (FA). Their ratio (wt%) is 91.5/7/ 1.5.

R

Fig. 1. (a) fresh BA stored on a heap; (b) metallic products separated from the BA using hand picking and magnetic separator.
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The waste code of the collected BA is 19 01 12 and on the European List of Waste [11] it is categorized as
“bottom ash and slag other than those mentioned in 19 01 11*” (¥bottom ash and slag containing dangerous
substances). After incineration wet bottom ash is stored on a heap under atmospheric conditions (Fig. 1a). The BA
is composed of 60—80 wt% of ash material and 15-30 wt% of residual components (mostly represented by glass and
ceramics) and 3—5 wt% of fragmented metal products.

2.2 Waste incineration technology

Incineration plant is using one incineration line based on Kriiger W-Mark 5 shaft furnace. Before incineration
collected mixed waste are controlled in order to avoid incineration of its potentially dangerous components
(e.g. highly flammable or explosive). Waste (<8 t/h) is thermally treated for 30—120 minutes in temperatures ranging
from 950 to 1100° C on the furnace grates. The hot BA is cooled with water and before storing on a heap, large
fragments of metal products (<50 cm) are separated manually during transportation on the conveyor belt between
the furnace and the separator where fragments in size below 20 cm are separated using magnets. These large
fragments of the metal products (Fig. 1b) mixed with grainy BA material are effectively separated, whereas smaller
fragments inherited in the BA grains and aggregates stay in the BA as its metallic components.

The FA and the APC are separated from flue gases in two stages of the air pollution control system. The process
is performed to neutralize toxic and hazardous components of the flue gases (NOx, SOy, HCI, HF, toxic metallic
elements, dioxins, furans and organic pollutants) using filters and reactions with ammonia vapors, Ca(OH), and
activated coke. At the second stage of the process in the recovery boiler overheated steam is produced and later used
for the production of electricity (1.5-1.8 MW) and district heating (~9 MW) [12].

2.3 Analytical methods

The BA components were manually separated and three fractions were weighed: ash material, glass / ceramics
and fragments of metal products. The BA chemical composition covering content of the main and trace elements
were performed in the Bureau Veritas Upstream Minerals (formerly AcmeLabs Analytical Laboratories)
in Vancouver, Canada. For multi-element analysis, inductively coupled plasma optical emission and mass
spectrometry (ICP-OES, ICP-MS respectively) were used. The total content of C and S was measured using a LECO
combustion analysis. Loss on ignition (LOI) was obtained using the thermal method.

The powder X-ray diffraction method (XRD) was used for qualitative and quantitative determination of the BA
mineral composition. The measurements were performed in angles range of 2-70° 2@ using Philips X Pert APD
diffractometer (goniometer PW3020, curved graphite crystal monochromator, CuKa radiation) with a step of 0.02°
per 2 s for qualitative or 0.02° per 5 s for quantitative analyses. XRD patterns were interpreted using Philips X Pert
Graphics & Identify software (based on ICDD database) and the American Mineralogist Crystal Structure Database
[13]. Quantitative calculations based on Rietveld refinement were made using SEIFERT AutoQuan software.

Internal structure of the BA grains was studied in a polished thin sections using Nikon Eclipse E600 POL optical
microscope. The same thin sections (coated with carbon) were also used for microanalyses using field emission
scanning electron microscope (FE-SEM) Hitachi S-4700 with Noran Nordlys microanalysis system of energy
dispersive spectrometry (EDS). Metallic components size distribution was determined through measuring their sizes
in two dimensions using SEM images.

3. Results and discussion
3.1. Chemical and mineral composition of the bottom ash

The BA is a material rich in Si and Ca and Fe, Al and Na present in smaller amounts (Table 1), what is a typical
composition for this type of residue observed in various localities [14,15]. Residual materials separation results
in lower content of Si, Ca and Na (main components of the fragmented glass and ceramics) and simultaneous
increase, mostly in content of Fe and Al. The average content of the metallic elements in ash material (Al, Fe, Mg,
Ti, Mn, Cr, Ni, Sc, Mo, Cu, Pb, Zn, Sn) is ~11 wt% [3] with domination of Al and Fe and elevated values of Mg and
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Ti, Cu, Zn, which seem to be the most promising elements for the recovery. Most of these elements are reported as
common in municipal waste incineration residues, nevertheless their concentration vary in a broad range
[4,14,15,16]. They are distributed within amorphous and crystalline phase and metallic components of the BA. The
overall content of metallic elements does not reflect their availability for the recovery [4]. The averaged value of
~11 wt% covers metallic elements present in all forms in the BA: in metallic fragments, as components of minerals
or dispersed within them as well as components of the amorphous part of the BA.

Table 1 Chemical composition of the bottom ash.

element Si Ca Na Fe Al Mg K P LOI Ciot Siot
25.7 15.8 5.1 4.9 34 1.0 0.7 0.3 3.9 0.6 0.5

tO
(wi%) 238 123 41 54 44 10 07 04 48 09 07
element Ti Zn Cu Mn Cr Pb Zr Sn Ni Co REE
o) 3957 2359 1801 697 537 234 193 128 63 47 77
m
PP R 4916 2815 1527 1007 469 364 156 131 127 6l 90

B - bulk BA samples, R - BA samples after residual components removal. Values averaged from analysis of four samples for each type.

In the BA composition the amorphous phase is dominating and represents ~65 wt% (~53 wt% in the ash material)
of each sample. It is mostly composed of silicate glass, which is the most common type of BA grains matrix [14,17].
Separation of residual materials results in 12% decrease of the amorphous phase content. Most of the mineral and
metallic phases are entrapped within the BA grains glassy matrix, thus reducing their recovery potential. The glass
was also reported as a phase prone to alteration e.g. in time of storage [6].

The BA contains various crystalline phases - silicates, aluminosilicates, oxides of non- and metallic elements,
carbonates and sulphates (Table 2). It is a combination of residual (e.g. quartz, feldspars) and newly formed mineral
phases (e.g. larnite, melilites).

Table 2 Mineral composition of the bottom ash.

Mineral Chemical formula (ft@;) Ash (I:Vl?;/: )r fal*
amorphous Si+0,Ca, Na, AL Fe, K, Mg, Ti 65.2 53.2
quartz Si0, 11.2 15.5
larnite Ca,[Si0y] 6.3 7.9
calcite Ca[COs] 4.8 6.3
feldspars K[AISi;05] - Na[AlSi30g] - Ca[Al,Si,Og] 4.3 4.5
melilites Ca,Mg[Si,05] - Ca,Al[AlSiO] 3.6 6.1
iron-oxides  Fe,O, 2.4 2.7
wollastonite  (Caz[Si309]), sulphates, phosphates, halite <2 <2

*BA after separation of residual materials. Values averaged from analysis of four samples for each type.
3.2. Bottom ash and its metallic components

The BA is a heterogeneous grainy material composed of grains of diverse size, shapes and composition. The BA
is composed of multi-component grains (Fig. 2a) usually present in fragile aggregates mixed with the fine fraction
(Fig. 2b). That inhomogeneity is a remnant of the incinerated waste composition, which varied in a broad range and
during incineration it is not possible to obtain high degree of unification due to irregular distribution of temperatures
in the furnace and short time of exposure for high temperatures [5]. Nevertheless characteristics of the BA from
different localities is comparable.
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Fig. 2. Types of the BA internal structure: (a) grain with glassy matrix; (b) weakly bonded aggregate of grains [3]; (c) separate mineral and
metallic grains covered by layers of amorphous material. Ap - apatite, Gh - gehlenite, Glass - silicate glass, Qz - quartz. SEM-BSE images,
values of EDS analysis in wt%.

Metallic components of the waste concentrate in the incineration residues. Depending on their form of
occurrence in waste and basic chemical properties they interact with melt in a different way. Some of them are
barely affected by the thermal process and other are incorporated (mostly as inclusions and micro-inclusions) in the
structure of newly formed mineral and amorphous phases. They are also irregularly distributed among the BA and
ashes removed with flue gases, what was observed in various types of the waste incineration residues [3,18].

Two main forms of metallic element concentration within the BA were observed: inclusions within grains
(Fig. 2a; 3a-d) or separated metallic grains (Fig. 2b,c; 3e) which were components of the fine fraction or aggregates.
The inclusions had more regular shapes, often circular whereas the separate grains were often elongated and covered
by thin layer of oxides or ash material (Fig. 2c; 3d).
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Fig. 3. Metallic components of the BA: (a-d) metallic inclusions within the BA grains; (e) accumulation of separate BA grains; (f) pore filled with
metal-rich fragment (3 - Al 50%, O 46%, Ca 2.7%, S 1.3%). Glass - silicate glass, Lrn - larnite, Qz - quartz. SEM-BSE images, values of EDS
analysis in wt%. (b) - [3].

In the glassy matrix large number of inclusions were present but their size usually did not exceed 10 pm and
most of them were smaller than 5 um (Fig. 4; 3c). Separate grains were larger than inclusions and more mass of the
metallic elements were concentrated within them. The most of the separate grains were larger than 50 um (Fig. 4)
and were characterized by quite even grain size distribution in the range of sizes from 50 to 500 um (Fig. 2bc; 3e).
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Because of the sizes of the BA metallic components ant their physical properties, methods of gravity separation,
floating, acid leaching were suggested to be used for their effective recovery [16].
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Fig. 4. Size distribution of metallic components in the BA.

The BA metallic components were characterized by their composition heterogeneity and various oxygen content.
The most common were Fe-, Al- and Zn-rich occurrences, forming respectively 70%, 15% and 5% of the total
amount of fragments. Fe occurred mainly as a component of metallic inclusions and separate grains. Al was mostly
present in the metallic fragments on grains boundaries and also as separate grains (often oxidized). Moreover
Al was important component of aluminosilicates and amorphous phase. Zn-rich metallic fragments were mostly
in the form of separate grains. The content of oxygen in most of the metallic grains (except oxidised Al-rich
fragments) was in a range from a few up to 15 wt%.

3.3. Metallic elements co-occurrence

In the composition of the metallic components one or two main elements dominates over others and rarely the
single-element fragments occur. This is a remnant of a complex chemical composition of the waste metallic
components where metallic elements are present mostly in the form of alloys or composites. Their final form and
composition is a result of transformations which they undergo in a multi-component system during incineration.
Processes of their melting and solidifying (if melting point of the phase was reached) supports incorporation of new
elements. The thermal treatment in temperatures up to 1100 °C allows metal products to interact with others waste
components and the multi-component character of the system can also influence incinerated metallic phases
by lowering their melting temperatures.

Despite the diversity of the metallic components composition some regularities in elements co-occurrences were
observed. The most common were co-occurrence of Fe with Si, Ca, P, Al and Ti co-occurrence of Al with Fe, Si and
Ca and co-occurrence of Zn with Ca, Al and Si. Ability of metallic elements to interact with other waste components
during incineration are based on their chemical properties: reactivity and chemical affinity. It is visible in newly
formed or residual natural phases, which are present in the BA together with alloys and composites made on purpose
by industry.

4. Summary and conclusions

The BA from the incineration of municipal waste is a heterogeneous material containing up to 65 wt% of the
amorphous phase (mostly represented by silicate glass) and rich in metallic occurrences. In glass based grains and
their aggregates, polymineral crystalline phase is irregularly distributed and co-occurred with metallic components
in various forms. On average ~11 wt% of the BA are metallic elements, mostly concentrated in the form of metallic
grains and inclusions but also partly dispersed within minerals and amorphous phases.
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From the BA in a technological process large metallic products were effectively separated (by hand picking and
using magnets) nevertheless up to 5 wt% of small fragments are still present in the BA. This BA components are
easily extractable due to it weak bonding with ash material and its size from tenths of a millimeter to few
centimeters. Smaller fragments are strongly bonded with ash material and are often entrapped within grains and their
aggregates. The limiting factor of the recovery is the size of the metallic inclusions because ~85% of them are
smaller than 5 pm. More promising for the recovery are easier accessible metallic grains which are larger (usually
their size is in a range of 50 to 500 um) thus concentrating more mass of the metallic elements.

The BA is a material rich in metallic components characterized by their multi-element form. Usually they were
barely affected by the oxidation process (except Al-rich components), what is an additional value if their recovery
would be applied. Forms and composition of the BA metallic components allows to evaluate the BA as a potential
polymetallic resource. Beside high content of Fe and Al, the elevated content of Ti, Cu and Zn in the BA are
promising from the point of view of their recovery. Additionally, recovery of the metallic components from the BA
increases its raw material potential, by reducing the amount of elements which could be released from it
in hazardous concentrations.
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