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ABSTRACT: Copper is one of the most important trace elements in municipal solid waste
(MSW) combustion. Knowledge of the speciation of copper is fundamental for the understanding
of the effects of copper compounds on the combustion chemistry, for the evaluation of the
environmental effects of copper in ash leachates and for the development of methods to recover
copper from the MSW combustion ash. In this work an investigation of the speciation of copper
in four ash flows from a bubbling fluidized bed boiler using synchrotron based X-ray absorption
spectrometry is reported. The results showed that copper occurs in oxidation states zero, +I and
+II in the bed ash and the cyclone ash, i.e. 10-20 % Cu(0), 25-35 % Cu(I), 50-60 % Cu(II),
whereas the filter ash contained copper only in oxidation state +II. The most common copper
compounds in the bed ash are copper metal, Cu2O, CuO and mixed oxides, such as CuCr2O4. The
cyclone ash probably contained a mix of copper metal, Cu2O, CuCl, Cu(OH)2 and CuSO4∙5H2O,
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possibly also CuO. Copper sulfate was found as one of the major species in the filter ash together
with a mix of hydroxides and chlorides.

INTRODUCTION
Copper is one of the more abundant trace metals in municipal solid waste (MSW). It is a
micronutrient and will therefore occur in small amounts in biomaterials going to combustion.
The reason why it occurs in relatively high concentrations in MSW is that it is used in many
appliances in society. It can be seen from studies of Swedish and Danish household waste that
copper is present in high concentrations in several waste material fractions, which makes it
difficult to determine its main source. Small but highly contaminated fractions, e.g. misplaced
batteries and electronic waste (WEEE), can however be responsible for a large part of the total
amount of copper, as well as for fluctuations seen in copper concentrations, in MSW going to
incineration1-5.
Copper is an important micronutrient, but it is also toxic in too high amounts. Therefore, there
is a risk that ashes from municipal solid waste incineration (MSWI) can increase the copper
levels in soil and water to a toxic level if the ashes are exposed to leaching by rain. Hence it is
beneficial if the copper is non-soluble if the ash is to be landfilled, recycled as construction
material or in any other way left open to rain leaching. Copper has also been identified as one of
the most important elements contributing to dioxin formation within the boiler. The effect does
however depend on the chemical form of copper, e.g. CuCl2 is an active catalyst while CuSO4 is
less active6. Copper is also a metal with high value, which makes it interesting for recycling. An
efficient recycling process for copper from MSWI ash could be beneficial both economically as
well as ecologically7-8.
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A better understanding of the chemical composition of copper in the different ash flows and
within the boiler, with MSW as fuel, could be beneficial to all these areas of research.
Unfortunately, due to the detection limits of commonly available analytical methods (e.g.
XRD) combined with low concentrations of copper, the identification of copper compounds in
ashes is difficult to achieve. Selective sequential extraction protocols9-10 has been heavily relied
on so far for speciation of metals in solid samples, such as soil and ash. The sequential extraction
will, however, lead to chemical and physical alterations in the major matrix compounds and
thereby also chemical transformation of the trace metal compounds. The experimental results
will be significantly influenced by such processes11-12.
Synchrotron based X-ray absorption spectroscopy (XAS), on the other hand, is an alternative
method that can be applied to the solid material without the need for dissolution or heating of the
sample. XAS is element specific and gives low detection limits as well as an insignificant
influence from the bulk matrix.
Some results from speciation of copper in ashes by XAS can be found in literature13-23. In most
of these investigations only the fly ashes were studied. The results indicate that Cu(II) is the most
common oxidation state in fly ashes and that oxides, hydroxides, chlorides and sulfates are the
most common compounds, in varying concentrations.
The aim of this work was to clarify the chemical speciation of copper in the different ash flows
from a bubbling fluidized bed boiler fired with municipal solid waste.
MATERIALS AND METHODS
The ash samples included in this investigation originate from combustion of MSW in a
bubbling fluidized bed boiler (BFB) with a combustion temperature between 780 and 850°C.
The bottom ash was collected from a tank beneath the furnace. The hopper ash was collected in a
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chamber beside the furnace, after an empty cooling pass, before the super heater. Both these
flows are usually combined as one single “bed ash” flow. Particles in the flue gases are collected
in a cyclone (cyclone ash) and a bag house filter (filter ash). The boiler has a lime (Ca(OH)2)
injection system placed before the textile filter. Household waste was the main fuel with minor
additions of waste, e.g. plastics, wood and paper, from local enterprises. Approximately 85 % of
the ferrous metal was removed from the fuel before combustion. The boiler has been described
further by Abbas and coworkers24-25.
The element concentrations in the ash samples were determined using ICP-AES for main
elements and ICP-MS for minor and trace elements after total dissolution of the ash. The main
crystalline compounds in the ashes were identified by qualitative X-ray powder diffractometry
(XRD) using a Siemens D5000 X-ray powder diffractometer with the characteristic Cu radiation
and a scintillation detector. The identification of compounds was performed through comparison
with standards in the Joint Committee of Powder Diffraction Standards.
Speciation of Cu in ash samples was investigated using X-ray absorption spectroscopy (XAS)
measurements at the MAX-lab synchrotron, managed by Lund University, Sweden. In addition
to data for the ash samples, XAS data were also collected for a number of model compounds that
were considered possible to find in ashes. The following 18 standard compounds were used: Cu,
brass, Cu2O, CuO, CuCrO2, CuCr2O4, CuFe2O4, Cu3(PO4)2, CuCl, CuCl2·2H2O, CuClOH/CuCl,
Cu2Cl(OH)3, Cu(OH)2CuCO3/CuCO3, Cu(OH)2, CuSO4·5H2O, CuSiO3·H2O, CuBr2 and CuS.
All standard compounds were analyzed with XRD and identified as pure, i.e. < 2 % impurities,
except the CuClOH/CuCl and Cu(OH)2CuCO3/CuCO3. The CuClOH/CuCl was identified as
CuClOH with a small part (≤ 7 %) CuCl. The Cu(OH)2CuCO3/CuCO3 was identified by XRD
and TGA as Cu(OH)2CuCO3 with a small part (~12 %) of CuCO3.
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All XAS data were collected around the copper K-edge, which is the increase in absorption at
energies equal to or higher than the binding energies of the innermost K (1s) electrons of copper.
Copper K-edges spectrum were collected at room temperature and at ambient atmospheric
pressure at beamline I811 using a Si(111) double crystal monochromator. The monochromator
was detuned to 30 % below maximum intensity to remove higher order harmonics. All spectra
were calibrated by assigning the first inflection point of the Cu metal K-edge to 8.979 keV. The
sample spectra were collected in fluorescence mode by either a Lytle detector or a solid state
PIPS detector and the metal foil data for energy calibration were simultaneously collected in
transmission mode by ionization chambers. The intensity of the primary beam, I0, was measured
with an ionization chamber filled with N2 to 1.1 bar. The intensity of the beam after passing the
sample (I1) and after passing the Cu metal foil (I2) were measured with ionization chambers
filled with Ar to 0.1 bar and 2 bar respectively. Each XAS spectrum represents the average of
two or more scans.
Data processing and evaluation was carried out using the EXAFSPAK software package26, as
well as the Athena software27. The ab initio modeling of the theoretical EXAFS features was
done using the FEFF7 software28 and crystallographic data from the NIST/FIZ Inorganic Crystal
Structure Database29. This method indicates not only the distances to the neighbor
(backscattering) atoms but also how many these atoms are and gives a measure of the disorder in
the structure. Both the data region near the absorption edge (XANES) and the data in the
extended region (EXAFS) were modeled using linear combination fitting (LCF) of data for
standard compounds as well. The three methods of evaluation were then combined to
conclusions about what copper species are present and their approximate relative concentrations
in the samples. X-ray absorption spectroscopy is further described by e.g. Penner-Hahn30.
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RESULTS
The concentrations of major elements and copper in the ash samples are shown in Table 1 and
the main crystalline compounds present are shown in Table 2.
Table 1. Chemical composition of ash samples from the waste fired combustor (main elements
calculated as their most common oxides)
Element
Bottom
(mg/kg dry ash)

Hopper

Cyclone

Filter

Si

330000

300000

20000

30000

Al

50000

70000

120000

20000

Ca

40000

50000

120000

360000

Fe

21000

34000

34000

6000

K

25000

20000

17000

23000

Mg

6000

8000

16000

10000

Mn

500

1000

2200

600

Na

40000

30000

30000

30000

P

2000

5000

7000

4000

Ti

3000

6000

7000

2000

Cl

300

1500

22000

190000

S

700

2000

6000

17000

Cu

1800

3200

3200

5400

Cr

400

300

400

200

6

Table 2. Crystalline compounds identified by XRD
Bottom

Hopper

Cyclone

Filter

SiO2

Major SiO2

Major SiO2

Major SiO2

KAlSi3O8

Major KAlSi3O8

Major KAlSi3O8

Major

Trace

(Ca,Na)AlSi3O8 Major (Ca,Na)AlSi3O8 Major (Ca,Na)AlSi3O8 Major
CaO
CaSiO3

Minor CaCO3

Minor Ca(OH)2

Major

Minor CaCO3

Major CaCO3

Major

CaSO4

Minor CaSO4

Trace

Ca3Al2O6

Trace

Ca3Al2O6

Trace

Ca2Al2SiO7

Major Ca2Al2SiO7

Major

Al metal

Trace

Major

Al metal

Fe2O3

Minor Fe2O3

Major Fe2O3

Minor

Fe3O4

Minor Fe3O4

Major Fe3O4

Minor

Ca3Al2O6 Trace

CaClOH

Major

KCaCl3

Trace

NaCl

Major

KCl

Major

The results from the different types of evaluation of the XAS data for the four ash types
(bottom ash, ash from the hopper which is the finer particle fraction of the bed ash, cyclone ash
and filter ash) are presented below.
The linear combination fitting (LCF) along with the standards suggested in the LCF, are
illustrated in Figure 1 for XANES and Figure 2 for k3-weighted EXAFS. Results from the ab
initio FEFF modeling of the EXAFS spectra from the ashes are gathered in Table 3, along with
crystallographic data of the reference compounds in Table 4. The distance between the central
Cu atom and the backscattering atom is denoted as R. The coordination number, i.e. the number
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of backscattering atoms at a certain distance from the copper atom in the center, is denoted as N.
Since the ash is a mixture containing several components, the coordination number will be an
average of all copper atoms in the mix. The Debye-Waller parameter, σ2, is a measure of the
disorder in the structure. A low σ2 value represents high certainty of R, while a higher σ2 value
represents more disorder. However, σ2 and N is closely linked to each other. A slight increase or
decrease in both N and σ2 will give almost the same signal, which means that these numbers
should be regarded more as an approximation than an exact measure.
Table 3. Inter-atomic distances obtained from the sample data
Sample

Atoms

R (Å)

N

σ2 (Å2)

Bottom ash

Cu-O

1.91

2.5

0.006

Cu-Cu

2.56

1.3

0.005

Cu-O

1.92

3.7

0.008

Cu-Cu

2.52

0.7

0.005

Cu-Cu

2.95

8.9

0.031

Cu-O

1.93

2.7

0.008

Cu-Cu

2.55

1.7

0.008

Cu-Cu

3.67

0.8

0.014

Cu-Cu

4.47

3.3

0.014

Cu-Cu

4.97

1.7

0.007

Cu-O

1.96

3.5

0.004

Cu-Cl

2.76

1.8

0.017

Cu-Cu

3.31

5.0

0.013

Hopper ash

Cyclone ash

Filter ash
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Table 4. Inter-atomic distances and coordination numbers for pure compounds suggested in the
modeling of EXAFS data
Compound Atoms R (Å)

N

Cu metal

12 CuCl

Cu-Cu 2.56
Cu-Cu 3.61

Cu2O
CuO

Cu(OH)2

Compound
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Atoms R (Å)
Cu-Cl

N

2.35

4

Cu-Cu 3.83

12

Cu-Cu 4.43

24 CuClOH

Cu-O

1.98-2.02

3

Cu-Cu 5.11

12

Cu-Cl

2.29

1

1.84

2

Cu-Cl

2.70-2.72

2

Cu-Cu 3.01

12

Cu-O

Cu-Cu 3.04

1

Cu-O

1.95-1.96

4

Cu-Cu 3.29-3.39

5

Cu-O

2.78

2 CuCr2O4

Cu-O

1.99

4

Cu-Cu 2.90

4

Cu-O

3.50

12

Cu-Cu 3.08

4

Cu-Cr

3.46

12

Cu-Cu 3.17

2

Cu-Cu 3.62

4

Cu-Cu 3.42

2 CuSO4·5H2O Cu-O

1.93-1.97

4

Cu-O

1.95-1.97

4

Cu-O

2.38-2.43

2

Cu-O

2.36

1

Cu-S

3.55-3.68

2

Cu-O

2.92

1

Cu-Cu 2.95

2

Cu-Cu 3.34

4

9

Figure 1. Cu K-edge XANES data for ash samples, standard compounds and linear combination
fit models. Solid lines represent measured data and dotted lines the model results.
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Figure 2. Cu K-edge k3-amplified EXAFS data for ash samples, standard compounds and linear
combination fit models. Solid lines represent measured data and dotted lines the model results.
Bottom ash. The Cu K-edge for the bottom ash starts at lower energy than the edges for the
Cu(II) compounds used as standards and K-edges for other Cu(II) compounds found in literature.
This shows that the copper speciation in the bottom ash comprises some Cu(0), Cu(I) or a
combination of these. It is however impossible to model the entire XANES region for the bottom
ash without the addition of some Cu(II) as well. Thus, the results show that copper occurs in
several oxidation states in this ash. Previous results of this ash31 accidentally gave a total of
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103 % which has been corrected for here using the same fractional amounts but summing up to
100 %. The corrected results show that a combination of 17 % Cu, 26 % Cu2O and 56 % CuO
gave a rather good fit. With an addition of CuCr2O4, which was not available as reference
compound in the evaluation discussed in the previous publication, the fit becomes even better.
The best fit was obtained with the combination 14 % Cu, 27 % Cu2O, 18 % CuCr2O4 and 40 %
CuO, which is illustrated in Figure 1. A closer look at this XANES fit shows that it is not perfect,
which is for example seen at the plateau around 8984eV. This indicates that, even though a large
number of copper compounds were included in the library of standards in this investigation,
some compounds may be missing. It is however clear that this bottom ash contains 10-20 %
Cu(0), 25-35 % Cu(I) and the rest is Cu(II).
The linear combination fitting of the EXAFS region (Figure 2) of the bottom ash XAS data
also showed that the best model for the speciation included CuO and Cu metal. Other reference
compounds that could be included in models along with CuO and Cu were CuCr2O4,
CuSiO3·H2O, Cu2O and brass. One typical combination that fits quite well is 13 % Cu, 35 %
Cu2O, 12 % CuCr2O4 and 40 % CuO, i.e. a similar combination as was indicated by modeling of
the XANES region of the data.
The ab initio modeling of the EXAFS region (Table 3) suggested a Cu-O distance (1.91 Å)
which is too short to be referred to as a typical Cu-O distance in Cu(II) compounds and longer
than the Cu-O distance for Cu(I) compounds (cf. Table 4). This shows that both types are
present. The data also showed a short Cu-Cu distance (2.56 Å) that fits well with the distances
present in copper metal. Thus, the distances and coordination numbers (N) obtained fit well with
the approximate concentrations given by the linear combination fits presented above.
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Filter ash. The XAS spectrum obtained for the filter ash looks completely different from the
spectrum for the bottom ash. The Cu K-edge of the fly ash spectrum starts at an energy similar to
those of the Cu(II) compounds studied. This shows that copper species with low oxidation
numbers can only be present in small amounts in this sample.
From linear combination fitting of the EXAFS region, with two and more compounds, it was
concluded that the best fits contain CuSO4∙5H2O in combination with hydroxides and/or
chlorides. The combination of 70 % CuSO4∙5H2O and 30 % CuClOH/CuCl gave a rather good fit
in the EXAFS region as well as for the XANES region (Figures 1 and 2). However, it is not
perfect which is for example seen at the plateau around 8989eV. This indicates the presence of a
hitherto unknown compound in the mix.
The ab initio modeling of the EXAFS region (Table 3) indicated a dominating Cu-O distance
of 1.96 Å, which fits quite well with the crystallographic data for CuSO4∙5H2O (cf. Table 4). The
model also gave a Cu-Cu distance of 3.31 Å, which along with the Cu-O at 1.96 Å fits well with
copper hydroxides. There is also a small signal connected to a Cu-Cl distance at 2.76 Å, which
fits with several chlorides. Since there is also a lack of strong signals from heavy backscattering
atoms, other than Cu atoms at 3.31 Å from the central Cu atom, it was possible to exclude quite a
lot of compounds. The distances and coordination numbers (N) given by the models fit well with
a mix of sulfates, hydroxides and chlorides. In Figure 1 and 2, this is represented by a mix
consisting of 70 % CuSO4∙5H2O and 30 % CuClOH/CuCl.
Hopper ash. The hopper ash XAS spectrum looks quite similar to that of the bottom ash
which is logical since the ash collected in this hopper consists of the finer particle fractions of the
bed ash. The Cu K-edge for the hopper ash starts at a slightly higher energy than observed for the
bottom ash, but still at lower energy than for the Cu(II) compounds used as references. This
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shows that part of the copper content has an oxidation state of zero and/or one but the mayor part
is Cu(II). Linear combination fitting of the XANES part of the data showed that a combination of
10 % Cu, 20 % Cu2O and 70 % CuO described the XANES spectrum of the hopper ash sample
quite well (Figure 1). The models do not give a perfect fit, but a good estimation of the
concentrations of copper in different oxidation states in the sample is 5-10 % Cu(0), 15-25 %
Cu(I) and 65-75 % Cu(II). Using the bottom ash as one of the reference compounds makes a
better fit when it is combined with a decrease in Cu metal and increase in CuO. This indicates
that there might be some hitherto unknown copper compound in the hopper ash as well as in the
bottom ash, but it is also quite clear how the copper species changes between the two ashes.
A comparison of the EXAFS spectrum (Figure 2) obtained for the hopper ash sample with
EXAFS data for standard compounds shows a great resemblance between the spectra for hopper
ash and CuO, for example the peaks looking like five “fingers” located at k=7-10 Å-1. From
linear combination fitting of the EXAFS region, using two and more compounds in the model, it
was concluded that the best fits contain CuO in combination with a small amount (~10 %) of Cu
or a larger amount (~60 %) of bottom ash. One example of a good fit is the combination of 8 %
Cu, 24 % Cu2O and 68 % CuO.
The ab initio modeling of the EXAFS region (Table 3) gave a Cu-O distance of 1.92 Å which
is shorter than typical Cu(II)-O distances and longer than Cu(I)-O distances (cf. Table 4). It is
most likely that this, the most prominent, signal is caused by a mixture of these two Cu-O
distances. The model also showed a long Cu-Cu distance (2.95 Å) which fits well with both CuO
(four copper atoms at 2.90 Å from the central Cu atom, four at 3.08 Å and two at 3.17 Å) and
Cu2O (twelve copper atoms at 3.01 Å). The long Cu-Cu distance returned a high σ2 value (i.e.
high disorder), which in turn is expected if there is such a variation in distance mixed in the same
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signal. In between the two mentioned signals there was a third weaker signal which was modeled
as a Cu-Cu at 2.52 Å which is much too short to be caused by anything but metallic copper. The
distances and coordination numbers (N) given by the models fit well with a mix of
approximately 5 % Cu, 15% Cu2O and 80 % CuO which is similar to the results shown by the
linear combination fitting.
Cyclone ash. The XAS spectrum of cyclone ash shares some similarities with both the filter
ash spectra and the hopper ash spectra. The Cu K-edge starts at a lower energy for the cyclone
ash than for the filter ash, indicating more Cu(0) and Cu(I) in the cyclone ash. The rest of the
XANES region indicates that Cu(II) is the dominating oxidation state. A good estimation of the
concentrations of copper in different oxidation states in the sample is 10-20 % Cu(0), 25-35 %
Cu(I) and 50-60 % Cu(II). Linear combination fitting of the XANES part of the data showed that
a combination of 14 % Cu, 21 % CuCl, 13 % Cu2O, 24 % CuSO4∙5H2O and 29 % Cu(OH)2
described the XANES spectrum of the cyclone ash sample quite well, which is illustrated in
Figure 1. The linear combination modeling did also show that the data are best described by
combinations including either the hopper ash or the filter ash as one component. One example of
a good combination is filter ash, with an addition of Cu metal, CuCl, Cu2O and CuO. Another
example of a good combination is hopper ash, with a decrease in CuO and increase in
CuSO4∙5H2O. This indicates that there might be a hitherto unknown compound in all of the
ashes, but it is also a good indication of how the copper compounds change between the different
ash flows. The copper speciation in the cyclone ash is basically that of a mix of hopper ash and
filter ash with some extra copper metal and Cu(I) compounds.
The linear combination fitting that best described the EXAFS region (Figure 2) of the data
included the filter ash or CuSO4∙5H2O as one component and pure copper metal as another. It is
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probable that the cyclone ash contains copper in another compound as well, but it is not evident
from the EXAFS data which one. Judging by the results from the XANES region, the third
component need to be some form of Cu(I) compound. One LCF result that fits quite well is a
combination of 17 % Cu, 7 % Cu2O, 21 % CuCl and 56 % CuSO4∙5H2O.
The ab initio modeling of the EXAFS region (Table 3) showed a prominent signal from a
Cu-O distance of 1.93 Å which is a little too short to be involving just Cu(II) and much too long
to indicate only Cu(I) (cf. Table 4). It is most likely a mix of these, with a majority of Cu(II). The
model also gave four different Cu-Cu distances (2.55, 3.67, 4.47 and 4.97 Å) which all fit well
with pure copper metal. The distances and coordination numbers (N) given by the models fit well
with a mix of a small amount (~15 %) of metallic copper and a larger amount of CuSO4∙5H2O, or
some other compound with a similar structure, combined with a small amount of Cu(I) with
oxygen as a nearest neighboring atom, such as Cu2O.
DISCUSSION
Sometimes it was difficult to arrive at a truly certain speciation, which could indicate that the
selection of standard compounds still does not cover all possibilities. It could also indicate that
the compounds present in the ashes are not well crystallized or present in small units
(crystallites) which would be the case for rapidly formed compounds. Since copper can be
involved in many transformation reactions in both combustion chamber and flue gas channel it is
probable that the ashes contains rapidly formed copper compounds.
As shown in the results the average oxidation state of copper is quite low in the combustion
bed and increases as the copper species are transported through the flue gas channel and the flue
gas treatment system. The copper with lower oxidation numbers in the bottom ash could be an
effect of reducing conditions in the burning waste particles in the bed. The fluidizing air, running
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through the bed, is only a part of the total combustion air. The remaining air is introduced above
the bed, in the freeboard, through the secondary air nozzles. It is also possible that larger pieces
of metal react slowly and do not have the time to reach equilibrium. The hopper ash, on the other
hand, contains smaller pieces, with a larger surface-to-mass ratio. It has also been in contact with
the secondary air, which all leads to higher concentrations of Cu(II), i.e. CuO. The volatile
copper chlorides are still in a gas phase and the copper sulfate is not stable at the high
temperatures prevailing in the combustion bed and the hopper32.
The mixed copper-chromium oxide, CuCr2O4, suggested as a part of the bottom ash could be
formed through a solid state reaction between copper oxide and chromium oxide. The standard
compound used in these tests was prepared in a simple experiment where Cu2O and Cr2O3 were
mixed together at a stoichiometric ratio, heated to 700°C for 24 h in air and later identified as
pure CuCr2O4 using XRD (unpublished results). It has also been identified as an ash product in
other combustion experiments and suggested as the dominant chromium species under certain
thermodynamic conditions33-34. It will however not be present in higher concentrations than 8 %
of the total copper in the bottom ash, considering the chemical composition given in Table 1.
It is obvious that the copper metal that was found in the cyclone ash is not present there due to
a low air to fuel ratio, since it has been exposed to the secondary air before it reaches the
cyclone. It is possible that small pieces of copper metal, e.g. originating from electronic waste1-5,
have traveled all the way to the cyclone before getting separated. The Cu(I) that was found in the
cyclone could very well be due to surface reactions on those metal pieces, either with oxygen or
HCl in the flue gases. The cyclone ash shows similarities with both the hopper ash and the filter
ash, which is understandable since the cyclone ash has traveled through the hopper and part of
the filter ash has travelled through the cyclone.
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The filter ash XAS spectra were the most difficult to evaluate and to explain by probable
copper compounds, but the best estimate is a Cu(II) mix of sulfates, hydroxides and chlorides.
The chlorides could very well have travelled all the way from the furnace to the filter before they
condensed, or reactions between other copper compounds and HCl may have occurred along the
way32,35. The presence of hydroxides could be caused by reaction with water vapor, either in the
flue gas or after the ash was collected. The ashes have been stored in air tight containers but
during handling they have been in contact with the air. The sulfates could have been formed
through a reaction with SOX in the flue gas.
Copper speciation results such as those presented here can, if collected for a large enough
number of combustion cases, give indications of the chemistry of copper in ashes from waste
combustion. In addition, such results have given plausible explanations for differences in copper
leaching yields obtained in experiments aiming at developing a method to recover metals from
MSWI ash. Methods based on acid leaching as well as on leaching with ammonium based
leachates have been shown to give poor results for ashes containing copper silicate and other
compounds with low solubility36.
CONCLUSIONS
The bottom ash contains a mixture of copper(0), copper(I) and copper(II) in the relative
concentrations 10-20 % Cu(0), 25-35 % Cu(I) and 55-65 % Cu(II). The major part of the Cu(0)
is most likely pure copper. The major parts of Cu(I) and Cu(II) are most likely oxides (e.g. Cu2O
and CuO) and mixed oxides, such as the copper-chromium-oxide CuCr2O4 which might occur in
concentrations up to 8 %.
The hopper ash seems to contain more of CuO and less of Cu metal than the bottom ash does,
but otherwise these two ashes are quite similar in their copper composition. The best
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approximation of the mix of oxidation states in the hopper ash is 5-10 % Cu(0), 15-25 % Cu(I)
and 65-75 % Cu(II). The major part of the Cu(II), and thereby also the major part of the copper
in the ash, is most likely CuO. The Cu(I) and the Cu(0) is most likely Cu2O and pure copper
metal.
The cyclone ash contains less of CuO than the hopper ash does. The results also showed that
the cyclone ash contains more Cu(0) and Cu(I) than the filter ash does. A good estimation of the
concentrations of copper in different oxidation states is 10-20 % Cu(0), 25-35 % Cu(I) and
50-60 % Cu(II). The Cu(0) is most likely pure copper metal. The most common chemical
surrounding of copper(I) is less certain, but some portion of it does most likely have oxygen as a
nearest neighboring atom. The best estimate of Cu(II) is a mix of Cu(OH)2 and CuSO4∙5H2O,
possibly also CuO.
The filter ash contains mainly copper in oxidation state II, most likely in a mixture of several
compounds. One major part of this mix is CuSO4∙5H2O, or some other compound with a similar
structure. Other parts of the mix could be different hydroxides and chlorides.
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