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1. Introduction

1.1. Recycling of ashes and slags

1.1.1. Recycling of ashes
Ashes represent a huge mineral waste stream, especially in

industrialised countries, which is still mostly landfilled due to
heavy metal and chloride contents (Austrian Federal Ministry of
Agriculture, 2017). The chemical and mineralogical composition
of combustion residues as well as the content and availability of
heavy metals depend on the feed material and thermal treatment

applied (Koukouzas et al., 2006; Ljung and Nordin, 1997; Vassilev
et al., 2013a,b; Piantone et al., 2004).

The increase in the energetic use of biomass led to increasing
production of biomass ashes from 100.000 t/a in 2004 to
186.000 t/a in 2015 (Austrian Federal Ministry of Agriculture,
2017). Collection logistics are rather difficult as biomass ashes
(BA) are produced at more than 1100 different sites in Austria,
among which only 10 have a thermal power production of more
than 10 MW (Pleßl, 2015). 50% of BA are landfilled in Austria
(BMLFUW, 2014a,b), because heavy metals and chloride contents
limit their application as soil amendment (Vassilev et al., 2013a,b)
and material for cement production (Obernberger and Supancic,
2009).

In 2012, 882.400 t of municipal solid waste incineration (MSWI)
ashes were produced in Austria, thereof 579.00 t bottom or bed
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ashes and 303.400 t fly ashes (BMLFUW, 2014a,b). Theoretically,
the recycling of MSWI bottom ashes (MSWI-BA) in road
construction is possible in Austria (Austrian Federal Ministry of
Agriculture, 2017). Due to specific conditions, i.e. the abundance
of natural rocks and lack of acceptance of MSWI-BA utilisation
(Environmental Agency Austria, 2005) 100% of MSWI ashes are dis-
posed of at landfills in Austria (Bundesministerium für Land- und
Forstwirtschaft, Umwelt und Wasserwirtschaft, 2015). Limitations
for the recycling of MSWI-BA are mainly due to its content and
leaching of soluble components like salts and/or some heavy met-
als, which might have a negative effect on the environment and/or
industrial installations like cement kilns. To avoid these negative
effects, washing processes have been successfully conducted to
remove chlorides (Pan et al., 2008) and heavy metals like Cd and
Zn (Mulder, 1996) from MSWI-BA. However, as leaching depends
on the solubility of mineral phases, the mineralogy of ashes must
be changed to decrease leaching, e.g. by the incorporation of heavy
metals in stable mineral phases (Nzihou and Sharrock, 2002).

Paper sludge incineration ashes (PSI-A) result from the combus-
tion of fibre residues from waste paper recycling. Their annual pro-
duction is significantly smaller than that of MSWI-BA and there are
already existing recycling opportunities like amendment for soil
improvement (Muse and Mitchell, 1995).

1.1.2. Recycling of slags
In Austria, 94.000 t electric arc furnace slags (EAF-S) are

produced yearly. Mineralogically, stainless steel slags from EAF
processes are composed of Ca-, Al- and Mg-silicates, Ca-, Mg- and
Fe-oxides, Ca-ferrites, spinels, aluminates and fluorides (Drissen,
2004). Road construction is the main application of EAF-S
(Engström et al., 2014), but the Austrian legislation (Republik
Österreich, 2015) sets strict limit values for both total and leach-
able contents of environmentally relevant elements. Consequently,
even advanced methods to reduce the leachability of steel slags
(Cabrera-Real et al., 2012) will not allow increased slag recycling
under present legal framework conditions. To solve this problem
a pyrometallurgical reduction of the slag followed by magnetic
separation of the produced zero-valent metals has been suggested
(Adamcyzk et al., 2010).

Aside from slags, which account for 75% of all metallurgical resi-
dues, dusts and sludges represent a smaller group of materials (7%,
(Gara and Schrimpf, 1998)). Steel dusts, which are also considered
in this study, can partly be internally recycled (Chairaksa-Fujimoto
et al., 2015), but in 2015, 25% were still landfilled in Austria
(Austrian Federal Ministry of Agriculture, 2017).

1.2. Mineral carbonation

Mineral carbonation is the exothermic reaction of carbon diox-
ide with metal oxides or silicates to form carbonates according to
the general formula:

Me2þO sð Þ þ CO2 gð Þ ! MeCO3 sð ÞDH0
R < 0 ð1Þ

The theoretical CO2 uptake, TCO2, is defined as the maximum
amount of CO2 that can be bound in a material, expressed as per-
centage referred to the mass of the input material (Sanna et al.,
2012):

TCO2 ¼ 0:79� %CaO� 0:56� CaCO3ð Þ þ 1:09�%MgO ð2Þ
Carbonation of alkaline residues is well known and an impor-

tant factor in the long-term behaviour of ashes (Meima et al.,
2002) and slags (Suer et al., 2009). However, in natural environ-
ments, ashes and slags carbonate only at the surface even after
10 years of ageing in a road (Suer et al., 2009). This is due to

the lower reactivity of silicates and complex oxides compared
to free lime (Costa et al., 2007; Sanna et al., 2014) and due to
the clogging effect of the formed carbonates. The following equa-
tion summarizes the carbonation reaction of larnite, a calcium
silicate:

Ca2SiO4+2CO2!2CaCO3+SiO2 ð3Þ
In order to effectively employ carbonation for carbon capture,

utilisation and storage (CCUS) an indirect process route may be
applied. This process is made up by a first stepaimed at the disso-
lution of the primary silicate mineral phase (4) followed by the
precipitation of the carbonate mineral phases (5).

Ca2SiO4(s)+H2O(l)+4Hþ!H4SiO4(aq)+H2O(l)+2Ca2þ(aq) ð4Þ

Ca2þ(aq)+CO2(aq)!CaCO3(s) ð5Þ
This decoupling of the reactions allows for inserting an addi-

tional reaction in the aqueous solution to precipitate metals
which would decrease the purity of the desired carbonate
product:

Fe3þ(aq)+3OH�!Fe(OH)3(s) ð6Þ

1.3. Objectives of the work

Carbon dioxide is the fifth most abundant gas in the atmo-
sphere and its emission is the main cause for global warming,
whereas slags and ashes are significant waste streams in Europe.
In this study we present an approach for achieving a substantial
conversion of ashes and slags into carbonates via dissolution and
precipitation, which aims to trap CO2 and to recover metals in
different insoluble mineral phases via a multi-step reaction
route.

The aim of this work is to apply this stepwise treatment to dif-
ferent types of poorly valorised industrial residues to assess which
may be the most promising ones to employ for the process, in
terms of total content of specific elements in the obtained prod-
ucts. All the newly produced side and end products from this pro-
cess should be utilised in various industrial applications. The
proposed stepwise treatment aims to achieve the following
objectives:

1. Recycling of those ashes and slags which are currently disposed
of in landfills due to their high total and/or leachable heavy
metal concentrations and/or due to their poor mechanical
properties.

2. Reduction of the CO2 emissions of Waste-to-Energy plants and
other energy-intensive industrial plants by carbon capture, util-
isation and storage (CCUS).

3. Production of precipitated calcium carbonate (PCC) as a substi-
tute for primary resources as building material and filler (e.g. in
paper industry).

4. Production of a SiO2 concentrate to be used as an aggregate for
building materials.

5. Hydrometallurgical recovery of ferrous metals for the steel
industry.

This approach is based on an indirect process where dissolution
and precipitation reactions are decoupled (Eloneva et al., 2012) in
order to enable faster reaction kinetics, as the release of Ca into the
solution is the rate-limiting reaction step (Huijgen et al., 2005) and
without decoupling the surface would be passivated by the reac-
tion products.
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2. Material and methods

2.1. Material characterisation

In this study we present a complete experimental procedure to
produce precipitated calcium carbonate from slags and ashes
which included mechanical processing for removal of metallic
pieces and increasing the specific surface area for subsequent reac-
tions, incongruent dissolution for selective extraction of Ca leaving
behind a siliceous residue, precipitation of iron compounds for
metallurgical recycling and precipitation of carbonates as indus-
trial raw materials from the remaining solution (Fig. 1).

Samples were selected based on chemical, physical and miner-
alogical properties and waste management aspects. Chemical
properties included high calcium and low heavy metal contents,
while physical properties regarded a fine grain size or a good
crushability to less than 100 mm and a low content of ductile mate-
rials. Mineralogical properties were a high and selective solubility
of Ca-containing phases and waste management aspects com-
prised a high availability at low costs and a lack of existing recy-
cling opportunities. Two residues from stainless steel production
and three residues from incineration processes were selected:

1. EAF slag from stainless steel production (EAF-S)
2. EAF filter dust from stainless steel production (EAF-FD)
3. Biomass combustion bottom ash (BC-BA)
4. Treated MSWI bottom ash (MSWI-BA)
5. Paper sludge incineration ash (PSI-A)

The processed MSWI-BA sample was taken at a waste treatment
plant in Austria by shovels at different locations in an ash heap,
digging as deep as possible into the heap. However, the represen-

tativeness of the sample for the heap was limited because the inte-
rior could not be sampled. All other samples were obtained directly
from industrial partners. Sample amounts accounted for 6–15 kg,
depending on the grain size of the material. The representativeness
of the samples for a certain batch or a yearly production could not
be validated, so the results were only valid for the sample itself and
not for whole waste streams.

Thin sections for microscopic investigations were prepared
from unprocessed samples. Mechanical processing of the EAF-S,
MSWI-BA and BC-BA was conducted with a hammer (for EAF-S
only), a jaw crusher (Fritsch Pulverisette 1, Type 01703,
d = 8mm) and a hand magnet (if necessary). No comminution was
required for PSI-A and EAF-FD. Quartering of the sample by a ripple
divider yielded representative subsamples for grinding with a pla-
net ball mill (Fritsch Pulverisette 5, Type 05.202, t = 12 min). After
sieving (d = 125 mm and d = 1000 mm), grinding was repeated for
the middle fraction to increase the yield of the fraction <125 mm
to 78–89 wt% of the original sample. The fraction <63 mm was
separated by sieving and the fraction 63–125 mm was used for
the experiments. This very specific grain size fraction was used
in the tests because the methodology was the same as that adopted
for dissolution tests carried out on serpentine samples. Conse-
quently, the same particle size fraction was tested for all residues
to evaluate the results achievable as a function of the chemical
composition and mineralogy of the different residues and not of
physical characteristics. Subsamples of this fraction were taken
by a riffle divider and were further ground to <63 mm for chemical
and mineralogical analyses using an agate mortar mill (Fritsch Pul-
verisette 2, Nr. 02.105/5147). Chemical and mineralogical analyses
were performed for both metallurgical slags and ashes from waste
and biomass incineration. The bulk chemistry of main components
was investigated by X-ray fluorescence analyses (XRF, AXIOS, DIN

Fig. 1. Objective of the work.
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EN ISO 12677) using lithium tetraborate melt tablets. The initial
organic and inorganic carbon content was determined according
to ÖNORM EN 13137 where the total carbon (TC) was incinerated
and determined via infrared spectroscopy, the total inorganic car-
bon (TIC) was determined by acidification and quantification of the
evolved CO2 by infrared measurement, whereas the total organic
carbon (TOC) was calculated as the difference. Trace elements were
determined by inductively coupled plasma mass spectroscopy
(ICP-MS, Agilent 7500 cx, after a microwave-assisted total diges-
tion using a mixture of HF, HNO3 and HCl according to ÖNORM
EN 13656). The bulk mineralogy was investigated by X-ray powder
diffraction (Bruker D8 Advance, Cu Ka, Software Diffrac.eva v3.2).
Obtained results were confirmed by Raman spectroscopy (Jobin
Yvon (Horiba) LabRAM, Nd-YAG laser, 532 nm) and reflected and
transmitted light microscopy (Zeiss Axio Scope A1). The crystal
chemistry of relevant phases for mineral carbonation was analysed
by electron microprobe analyses (Jeol JXA 8200 Superprobe).

2.2. Dissolution experiments

50 g of the well characterized materials were dissolved in
600 mL hydrochloric acid (8%) for 180 min at 90 �C. The solid:liq-
uid ratio (8–50 g solid per 600 mL) and the kind (HCl vs H2SO4)
and concentration (4–19%) of acid were varied in preliminary
experiments and the chosen parameters were the optimum bal-
ance between minimum consumption of chemicals and maximum
extraction efficiency. Gravity filtration and centrifuge technologies
were used for separation of solids and aqueous solutions. Filters
were rinsed with double distilled water and the washing water
and the filtrate were analysed separately for their chemical compo-
sition using inductively coupled plasma mass spectroscopy
(ICP-MS, Agilent 7500 cx).

Acid recovery by diffusion dialyses (Fumatech FT-DD-200-5)
was tested for a selected acidic solution obtained from an experi-
ment using serpentinite (V = 3 L, pH = �0.3, electric conductivity
= 341 mS/cm), which is a membrane procedure where the acidic
solution is subjected to a counterflow of deionised water (t = 8 h,
Q = 446 mL/h), and compared with a reference experiment with
neutralisation by NH3 addition only.

Dissolution residues were dried for 24 h at 105 �C and removed
from the filter. Sections for electron microprobe analyses were pro-
duced by embedding the residues in epoxy resin. Another fraction
was ground to destroy aggregates formed during drying using an
agate mortar. The dissolution residues were analysed by XRD,
EMPA (residues of EAF-S, MSWI-BA, BC-BA) and after total diges-
tion according to ÖNORM EN 13656 also by ICP-MS in the same
way as the input materials.

A mass balance of dissolution experiments was conducted by
multiplying the concentrations of individual elements in the pro-
duct fractions, i.e. acidic solution and dissolution residue, with
the masses of the individual fractions. Finally the resulting sums
were compared with the amounts of individual elements which
should have been present according to chemical analyses of input
materials.

2.3. Precipitation experiments

Aqueous solutions resulting from dissolution experiments were
strongly acidic. To remove the acid, dissolved ammonia (NH3) was
added, until a pH of 9 was reached. Titration was stopped and
resulting precipitates were removed from the solution by filtration
(0.45 mm).

The precipitates were investigated mineralogically by XRD and
EMPA (EAF-S, BC-BA, MSWI-BA, PSI-A), whereas for chemical anal-
yses total digestion was conducted and the resulting solutions

were analysed by ICP-MS in the same way as the input material.
The mass balance was calculated like described for dissolution
experiments.

2.4. Carbonation experiments

After the precipitation experiments, CO2 was introduced into
the remaining solution with a flow rate of 0.11 L/s. The pH was
kept constant (at pH of 9) by simultaneous addition of NH3. The
influx of CO2 and NH3 was stopped when carbonation was com-
plete. The completion was concluded from the titration curve,
i.e., more NH3 had to be added to keep the pH constant because
CO2 was not consumed for carbonate precipitation, but remained
in the solution causing acidification of the solution. The precipi-
tates were separated from the solution by filtration (0.45 mm),
washed with ultrapure water, dried for 24 h at 40 �C and analysed
for total inorganic carbon according to ÖNORM 13137. The samples
were digested totally and the chemical composition was deter-
mined by ICP-MS. The solid phases were identified by XRD and
EMPA (carbonates produced from EAF-S, MSWI-BA, BC-BA, PSI-A)
as described for the input materials. The CaCO3 content was inves-
tigated according to DIN EN ISO 3262-1. The mass balance was cal-
culated like described for the dissolution experiments.

3. Results and discussion

3.1. Material characterisation

The chemical composition of the selected materials varied
significantly (Table 1). CaO contents were in the range of 13–54
wt%. Major components were Fe2O3 (+ Fe + FeO, which were calcu-
lated together as Fe2O3) for residues from the steel industry and
SiO2 for residues from incineration. MgO was only a minor compo-
nent and consequently might only play a minor role for the CO2

binding capacity. The chemical composition of the investigated
EAF–S was in the range of a broad comparative study on these
materials (Rekersdrees et al., 2014), but more alkaline compared
to another German study (Drissen, 2004). The investigated
MSWI-A was similar to literature values from Austria (Lechner
and Huber-Humer, 2011), but had lower CaO contents than
reported for a Taiwanese material (Pan et al., 2008). Regarding
BC-BA, the determined chemical composition lied between that
of bark and straw ashes (Obernberger et al., 1997) which suggests
the use of mixed fuels in the respective plant.

Mineralogical investigations showed that Ca, which was the tar-
get element for carbonation, was mainly bound in calcium ferrites
and aluminates in residues from the steel industry and in calcium
silicates in ashes (Table 2).

Typically, EAF-S consisted of a heterogeneous mixture of dark
and light materials. The dark material obtained its colour from
the high FeO content and was similar to that described as ‘‘black
EAF slag” (Rekersdrees et al., 2014) and as ‘‘EAF slag C” (Shi,
2004). The light material was composed of free lime and possibly
also secondary metallurgical slags. As only the dark material was
assumed to truly originate from the EAF process, only this material
was used for mineral carbonation experiments. The CaO content of
this dark material (EAF-S) accounts for 31 wt% which corresponded
- including the low MgO content of 5.4 wt% - to a CO2 binding
capacity of 30% using Eq. (2). Ca was present in the slag predomi-
nantly as brownmillerite, alite, melilite and mayenite but also as
belite/larnite, cuspidine, ettringite, scheelite, fluorite, portlandite,
and calcium chromite (Table 2). However, the main phase in the
slag was Mn-containing magnesiowustite, which was almost the
only Mg-phase. Additionally, spinels, olivine, corundum andmetal-
lic iron were identified.
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Table 1
Chemical composition of slags and ashes (wt%, italics: ICP-MS, * AAS (external data), # (external data, various methods), concentrations < 0.01 wt% are displayed as such independent
from the actual limit of detection which was smaller in any case,; n.a.: not analysed).

Parameter EAF-S EAF-FD MSWI-BA BC-BA PSI-A#

CaO 30.67 36.41 20.97 27.17 54.25
MgO 5.39 8.57 3.70 5.32 3.50
SiO2 9.35 6.25 41.30 48.19 20.90
Al2O3 5.77 0.81 10.87 5.75 10.86
Fe2O3 37.13 27.66 14.03 3.22 1.05
Cr2O3 6.62 11.91 0.20 0.03 <0.01
MnO 4.03 5.14 0.27 0.53 0.04
TiO2 0.15 0.12 1.07 0.40 n.a.
P2O5 0.22 0.11 0.75 1.80 0.61
K2O 0.03 0.37 0.81 6.41 0.51
Na2O 0.16 0.41 2.84 0.79 0.44
ZnO 0.03* 0.88 0.23 0.01 0.06
CuO 0.01* 0.24 0.30 0.02 0.05
PbO <0.01 0.03 0.03 <0.01 0.02
V2O5 0.30 1.00 <0.01 0.03 <0.01
MoO3 0.17 4.47 0.01 <0.01 <0.01
WO3 0.11 0.30 <0.01 0.01 n.a.
SO3 0.24 <0.04 1.10 0.06 1.00
L.O.I. n.a. 7.80 2.09 0.06 9.27
CO2 <1.83 9.90 2.57 <3.67 n.a.

Table 2
Mineralogical composition of slags and ashes (Identification by a combination of reflected and transmitted light microscopy, electron microprobe analyses, Raman spectroscopy
and X-ray diffraction, estimation of quantities (�: absent; +: minor amounts; ++: intermediate amounts; +++: major amounts)).

Phase/formula EAF-S EAF-FD MSWI-BA BC-BA PSI-A

Metallic iron, Fe + � + + �
Metallic aluminium, Al � � + � �
Amorphous silica, SiO2 � � + � �
Metallic copper, Cu � � + � �
Bronze, CuZn � � + � �
Ferrosilicon, FeSi � � + � �
Idaite, Cu3FeS4 � � + � �
Fluorite, CaF2 + + � � �
Mn-containing Magnesiowustite, (Mg,Fe,Mn)O +++ + + � �
Lime, CaO � � � � +
Hematite, a-Fe2O3 � +++ + � �
Brownmillerite, Ca2(Al,Fe,Cr)2O5 ++ � + � �
Corundum, a-Al2O3 + � + � �
Zircon, ZrSiO4 � � � + �
Spinel, (Fe,Mg,Mn)(Al,Cr)2O4 + +++ � � �
Magnetite, Fe3O4 � � + � �
Mayenite, Ca12Al14O33 ++ � � + �
Tricalciumaluminate, Ca3Al2O6 + � � � ++
Calciochromite, CaCr2O4 + � � � �
Portlandite, Ca(OH)2 + ++ + + +
Gibbsite, c-Al(OH)3 � � + � �
Calcite, CaCO3 � ++ +++ ++ ++
Dolomite, CaMg(CO3)2 � � + ++ �
Anhydrite, CaSO4 � � + � �
Ettringite, Ca6Al2[(OH)12|(SO4)3�26H2O + � + � �
Powellite, CaMoO4 � ++ � � �
Scheelite, CaWO4 + � � � �
Apatite, Ca5[(F,Cl,OH)(PO4)3] � � � + �
Larnite, b-Ca2SiO4 + � + + �
Calcio-Olivine, c-Ca2SiO4 � � � � +++
Olivine, (Fe,Mg)2SiO4 + � + � �
Alite/C3S, Ca3SiO5 ++ � � � �
Melilite, (Ca,Na)2(Al,Mg,Fe)(SiAl)2O7 ++ � +++ +++ ++
Cuspidine, Ca4Si2O7(F,OH)2 + � � � �
Wollastonite, CaSiO3 � � + + �
Ferrosilite, Fe2Si2O6 � + � � �
Biotite, K(Mg,Fe)3(AlSi3O10)(OH,F)2 � � + + �
Talc, Mg3Si4O10(OH)2 � � � � �
Chlorite, (Mg,Fe2+)5Al(Si3Al)O10(OH)8 � � � � �
Kalifeldspar, KAlSi3O8 � � + ++ +
Plagioclase, (Na,Ca)(Al,Si)4O8 � � + � �
Leucite, KAlSi2O6 ++ �
Quartz, SiO2 � � +++ +++ +
Silicate glass � � +++ + �
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Compared to the EAF-S, EAF-FD was enriched in CaO (36 wt%)
and MgO (8.6 wt%). On the other hand, the TIC content accounted
for 2.7 wt%, which corresponded to a CaCO3 content of 23 wt%.
Consequently, the CO2 binding capacity accounted for 28 wt%,
which was in the same range as for the slag. Ca is present in calcite
(23 wt%), portlandite, fluorite and powellite. Portlandite (Duchesne
and Reardon, 1995) and powellite (Khodokovskij and Mishin,
1971) have high solubilities at low pH. Mg was present as periclase
(MgO), which gets covered by a brucite (Mg(OH)2) layer in contact
with water (Wogelius et al., 1995), which then controls solubility,
and as spinel phases, i.e., (Fe,Mg)(Al,Cr)2O4, which are character-
ized by a rather low solubility (Höllen et al., 2016).

The BC-BA was characterized by a CaO content of 27 wt% with
melilite as main Ca-containing phase. A calculation of the CO2

binding capacity (Eq. (2)) yielded 24%.
Processed MSWI–BA contained melt products, unburnt resi-

dues, metals and glass. A laboratory experiment at the Fraun-
hofer Institute for Building Physics using electrodynamic
fragmentation clearly demonstrated the capacity of this method
to unlock intergrowth of particles of different fractions. It was
shown that CaO was present predominantly in the melt products
and therein especially in the melilite group phases. In contrast to
these crystalline phases the glassy matrix, which made up
30–40% of the melt products, was depleted with an average
CaO content of 23 wt% compared to melilite (28–39 wt% CaO)
according to electron microprobe measurements of individual
phases. MgO played a minor role with a bulk concentration of
3.7 wt% which was predominantly bound to melilite group
phases. Melilite group phases were also the host for other ele-
ments like Fe (4.5 wt%), Al (5 wt%) and probably several heavy
metals which would be released simultaneously in case of con-
gruent melilite dissolution.

The PSI-A is significantly richer in Ca (54 wt% CaO) than the
other investigated industrial residues. Combining qualitative XRD
with quantitative XRF data showed that Ca was mainly bound to
Ca-Olivine (22 wt%), but also in significant amounts of lime
(9 wt%), calcite (8 wt%), gehlenite, tricalcium aluminate, and
portlandite, whereas quartz (2 wt%) was the only Ca-free phase.

A comparison of the chemical analyses with literature data
(Rekersdrees et al., 2014; Drissen, 2004; Lechner et al., 2010; Pan
et al., 2008; Obernberger et al., 1997) clearly revealed a general
plausibility of our analytical results.

3.2. Dissolution experiments

Dissolution of slags and ashes yielded acid solutions (V =
600 mL) and remaining dissolution residues. However, other
chemical components (e.g. Fe2O3, Cr2O3) were also present in the
solids and limited the application opportunities. Crystalline quartz
was the major phase whereas the amorphous content was signifi-
cant, but not dominant.

Weighing the residues revealed that almost 90% of the EAF-S,
35% of the BC-BA and only insignificant amounts of MSWI-BA dis-
solved. However, the enormous loss of ignition of 35 wt% in the
dissolution residue of MSWI-BA, suggested that this sample also
took up some water, leading to a mass increase. A mass balance
of the dissolution experiments is presented in Fig. 2. The significant
deviations that in some cases can be noticed with respect to the
initial contents of specific elements may be due to experimental
uncertainties, such as incomplete digestion and analytical errors.

During dissolution experiments Si was enriched in the dissolu-
tion residue whereas Ca and Mg were preferentially dissolved. Al
and Fe showed an intermediate behaviour. The dissolved Ca con-
centrations of about 10–30 g/L were not controlled by the total
amount of Ca in the system, as in all cases significant amounts of
Ca (3–12 wt%) remained in the solid residue. However, there was

a linear correlation between the total content and the dissolved
concentration, which suggested that the dissolved Ca concentra-
tion was controlled by the dissolution kinetics. However, the dif-
ferent dissolved Ca concentrations could also be due to different
mineral phases with different solubility in the dissolution residues.
According to this interpretation the dissolution reaction was not
complete after 180 min. For the trace elements, Ti and Cr were
rather enriched in the residue, Pb and Zn were rather dissolved
and P and Cu mostly showed an intermediate behaviour.

However, significant differences occurred between individual
experiments which were due to different mineralogy of individual
input materials which is discussed below. X-ray diffraction pat-
terns clearly reveal that dissolution of EAF-S was an incongruent
process. The Ca content of the residue (expressed as CaO)
accounted only for 7 wt% compared to 31 wt% in the untreated slag
which indicated the dissolution of Ca-bearing phases. XRD analy-
ses showed that this Ca release was mainly due to dissolution of
melilite group phases.

Contrarily, the SiO2 content of the solid increased from 9 wt% to
13 wt%. The formation of a bulb in the XRD pattern ranging from
about 18 to 28 �2b suggested the neoformation of an amorphous
phase by precipitation from the aqueous solution, which was not
present in the input material according to microscopic investiga-
tions. The low leachability of Si was probably controlled by the dis-
solution equilibrium of this newly formed amorphous silica phase
and not by the dissolution equilibrium of the primary silicate
phases. Interestingly, also quartz formed, which could be explained
by the high temperatures of 90 �C, as for ambient temperatures
usually only amorphous silica forms (Iler, 1979) due to the Ostwald
step rule (van Santen, 1984). Spinels and calcium chromite were
enriched in the dissolution residues which reflected their low dis-
solution kinetics and/or low solubility which led to the low leach-
ability of Cr, and probably also of V. Contrarily, lime,
magnesiowustite, Ca silicates and brownmillerite dissolved signif-
icantly and were depleted in the dissolution residue. This corre-
sponded to the observed relatively high leachability of Ca, Mg
and Fe, but also of P which can substitute for Si in silicate struc-
tures. The results of XRD analyses were confirmed by electron
microprobe analyses with respect to the presence of quartz and
spinel phases, powellite was found as an additional phase, whereas
calciochromite was not found (Fig. 3).

The aqueous solution produced from the dissolution of EAF-S
was characterized by a Ca concentration of 17.6 g/L, which was
desired for subsequent carbonation, but also by a Fe concentration
of 26.7 g/L. An incorporation of Fe in the carbonate would create a
problem for certain applications. Comparing the overall amount of
Ca in solution of about 11 g Ca, which is calculated from the con-
centration of 17.6 g/L, with the overall amount in the solid of only
0.27 g showed that preferential leaching of Ca occurred.

Dissolution of EAF–FD led to a decrease in the CaO content of
the solid from 36.41 wt% to 3.42 wt%. As for the EAF-S, SiO2 was
enriched in the dissolution residue (19.53 wt%) compared to the
original dust (6.25 wt%). Fe2O3 and Cr2O3 were also enriched in
the residue as their contents increased from 27.66 wt% to 34.29
wt% and from 11.91 wt% to 21.92 wt%, respectively. XRD patterns
suggested that Cr was bound in chromite, and iron in spinel/chro-
mite and hematite as in the original material. Powellite and fluorite
were unaffected by the dissolution experiment. The XRD pattern of
the dissolution residue did not show the bulb characteristic for
amorphous silica, but suggested an enrichment of ferrosilite. This
means, that in contrast to the EAF-S, silicates did not dissolve
incongruently and the residue consisted of dissolution relicts
instead of neoformations.

The aqueous solution produced from the EAF–FD had a Ca con-
centration (19.6 g/L) similar to that of the EAF-S, but was charac-
terized by a much lower Fe concentration (i.e. 7.5 g/L compared
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to 26.7 g/L). This difference might be due to the higher solubility of
wustite compared to hematite, which was checked by hydrogeo-
chemical modelling using Orchestra (Meeussen, 2003) and the
Minteqv4 database (Felmy et al., 2004), but also due to a lower ini-
tial Fe content in the dust. Considering the high contents of Cr in
the dissolution residue of the EAF-FD (22 wt%) (and to smaller
degree also of the EAF-S, 5.6 wt%), a valorisation of this fraction
as Cr concentrate in ferrous metallurgy seems possible.

As with the other input materials, the dissolution residue of bio-
mass bottom ash was depleted in CaO with respect to the input
material (from 27.17 to 11.99 wt%) and was enriched in SiO2 (from
48.19 to 72.08 wt%). XRD patterns could explain this observation
by the partial dissolution of melilite, (Ca,Na)2(Mg,Al)[Si2O7],
leucite, KAlSi2O6, and apatite, Ca5[(F,Cl,OH)|(PO4)3], whereas quartz

was enriched as a dissolution relict and silica mobilized from dis-
solution of the mentioned silicates re-precipitated as amorphous
SiO2.

Physical properties like compressive strength and abrasivity,
which are relevant for a possible application as lightweight aggre-
gate in concrete, could not be conducted due to too small sample
amounts. However, the significant amorphous content might be
connected with a certain hydraulic reactivity in building materials
applications.

Dissolution of processed MSWI–BA yieldedmuch higher solid to
liquid ratios of Ca, Mg and Si compared to dissolution of the EAF-S,
because less material was dissolved. XRD patterns suggested that
melilite was preferentially dissolved whereas quartz was enriched
in the dissolution residue.

Fig. 2. Mass balance of dissolution experiments (left: main elements, right: trace elements; blue: dissolved amounts; red: amounts in dissolution residues; for sample
abbreviations see Table 1; black lines: initial amounts in mg). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Dissolution of PSI-A led to an enrichment of SiO2 in the residue.
The decreased CaO/SiO2 ratio in the residues suggested the disso-
lution of calcio-olivine which was present initially and the neofor-
mation of amorphous silica.

Diffusion dialyses converted the strongly acidic experimental
solution obtained from dissolution of serpentinte into an evenmore
acidic hydrochloric acid which could be recycled and a partly neu-
tralized solution containing the leachedmetals. The pH of the partly
neutralizedsolutionwas+1.75compared to�0.31of theexperimen-
tal solution and the conductivity decreased from 341 to 46 mS/cm.
Diffusion dialyses was a good alternative to neutralisation by NH3

addition, compared to which neutralisation time decreased from
5.5 h to 20 min and NH3 consumption from 75 mL to 5 mL.

3.3. Precipitation experiments

Results of dissolution experiments clearly indicated high dis-
solved Fe concentrations (up to 27 g/L for EAF-S) in the resulting
aqueous solutions which would have a negative effect on the qual-
ity of the subsequently produced carbonates. Titration with NH3

almost completely removed Fe from the solution (by precipitating
NH4- and Fe-containing precipitates) (Fig. 4). This observation was
in agreement with hydrogeochemical modelling using the data-
base Minteqv4.dat and the modelling program Orchestra: At
pH 9, the solubility of ferrihydrite, the iron phase which was most
likely to precipitate due to the Ostwald step rule, was in the range
of 1 nmol/L.

Q

Q

M

MM

Cr Cr

Cr

Cr

Cr

Cr Cr

Cr
P

P

P

Fig. 3. Elemental distribution of F, Mg, Ca, V, Mo, O, Al, Nb, Cr, Mn, C, P, Si, Fe and W in the dissolution residue of an EAF-S showing the enrichment of spinels and quartz
during the dissolution process (Q: quartz, Cr: chromium spinel, M: mayenite; P: powellite).
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Precipitation experiments clearly indicated for all input solu-
tions that more than 80% of Ca remained in the solution, whereas
Si, Fe and Al were precipitated. Among the trace elements, P, Mn,
W and Ti were removed from the solution, whereas Cu, Zn and
Sr remain in the solution. The precipitated elements were present
in all the samples as highly soluble salt minerals. Additionally, in
the experiments using EAF-S, EAF–FD and MSWI-BA iron hydrox-
ides precipitated. Rinsing the precipitates with water would be
required to use the precipitates in a blast furnace, as a first step
to remove chlorides. Subsequently, sintering and possibly pelletiz-
ing could be applied to improve the mechanical properties for pig

iron production. A direct use in electric arc steel making would not
be possible as the metals occurred in their oxidized state and
would need to be reduced in the blast furnace. In summary, tech-
nologically, a recycling of these fractions seems possible, but the
effort for processing to enable their valorisation would be
significant.

The addition of ammonia to the filtrate of the dissolution exper-
iment of EAF-S triggered the precipitation of more than 40 g of a
solid fraction. Interestingly, the only crystalline phase determined
by XRD analyses was salammoniac, NH4Cl, which means that all
other chemical components were bound in amorphous phases or

Fig. 4. Mass balance of precipitation experiments with NH3 (left: main elements, right: trace elements; blue: dissolved amounts; red: amounts in precipitates; for sample
abbreviations see Table 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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below the detection limit. Assuming that chloride cannot form
amorphous phases, a salammoniac percentage of 27 wt% and an
amorphous fraction of 73 wt% were calculated. Elemental mapping
using the electron microprobe confirmed the presence of a Fe-rich
silicate gel as host phase for the other elements. Chemical analyses
indicated that Fe was almost completely removed from the solu-
tion by adding ammonia.

Addition of ammonia to the solution derived from EAF-FD
yielded a different type of precipitate compared to the experi-
ment with EAF-S. According to the chemical analyses it was
mainly composed of CaO, Fe2O3 and MoO3, which are suggested
to form phases like powellite or srebrodolskite. Thus, besides the
desired removal of Fe, also a part of the dissolved Ca was
removed undesirably.

As with the experiment using EAF-S, the experiment using
MSWI–BA yielded salamonniac as the only crystalline precipitate,
but its percentage was lower than in the precipitates of the EAF
slag experiment. Chemical analyses suggested that the amorphous
matrix should be an iron-rich silicate, but elemental mapping and
EDX analyses showed very low Si concentrations and favoured the
formation of a FeAAl hydroxide. This contradiction might be
explained by an inhomogeneous character of the precipitate where
the selected samples for EMPA investigations were not
representative.

Conditioning and beneficiation of the aqueous solution from
BC-BA dissolution yielded not only salamonniac, but also ammo-
nium carnallite, NH4MgCl3�6 H2O in similar quantities and sodium
magnesium hydrogen phosphite as an accessory phase according
to XRD measurements. However, SiO2 and Al2O3 contents of
approximately 15 and 8 wt% respectively, suggested the formation
of an impure silica gel. According to elemental mapping using the
electron microprobe, it was much poorer in Fe. The lower Fe con-
tent in the solid did not conflict with the almost quantitative
removal of Fe from the solution due to the lower input concentra-
tion of Fe in the BC-BA.

Contrarily to the other input materials apart from EAF-FD, addi-
tion of ammonia to the aqueous solution derived from dissolution
of PSI-A did not lead to the formation of salamonniac, but magne-
sium carnallite and sodium magnesium hydrogen phosphite
formed. These phases also formed in the experiment with BC-BA,
together with salamonniac. The other components, especially
SiO2, CaO, Al2O3, were incorporated in an x-ray amorphous gel-
like phase. The iron content in the precipitate was lower compared
to the other experiments, despite the almost quantitative removal
from the solution.

3.4. Carbonation experiments

Injection of CO2 in the filtrates which remained after separation
of the metal concentrates resulted in precipitation of carbonates
leaving behind Ca-depleted aqueous solutions with the exception
of the experiment using PSI-A where significant Ca amounts
remained dissolved (Fig. 5). Besides Ca also Al and Mn and Zn were
fractionated into the precipitate, whereas K and Na remained in
solution and Mg showed an intermediate behaviour. The main
anion occurring in the solutions was chloride which was intro-
duced during dissolution experiments and would require addi-
tional treatment. Remaining aqueous solutions also still
contained environmentally relevant concentrations of heavy met-
als like Ni (up to 230 mg/L), Zn (up to 7 mg/L) or Cu (up to 65
mg/L), which would require further treatment prior to discharge.
These treatments will require additional energy and costs which
further decreases the economic and environmental performance
of the entire process.

The solid products of carbonation were impure calcium carbon-
ates with CaCO3 contents ranging from 79 to 97 wt% (measured

according to ÖNORM 13137), as indicated by ICP-MS analyses,
XRD and electron microprobe analyses.

According to XRD analyses of the carbonate produced from EAF-
S calcite, CaCO3, was the only crystalline phase in the material and
the amorphous content was negligible. Electron microprobe analy-
ses suggested the incorporation of Mg in the calcite structure and
only small traces of silicate phases were present, probably in quan-
tities below the detection limit of XRD.

The produced carbonates were characterised by a CaCO3 con-
tent of up to 97 wt% for the product from EAF-S which was very
similar to the 98% purity reached for converter slagreached for con-
verter slag in a previous study (Kodama et al., 2008). However,
these slight differences would matter with respect to industrial
applications as the minimum content for the paper industry is
98 wt% according to ÖNORM EN SO 3262-6.

Both the CaO and the TC content of the carbonate produced
from EAF-FD were significantly lower than those of the carbonates
produced from EAF-S. Unfortunately, the CaCO3 content could not
be determined directly, but was calculated from the TC content to
be in the range of 59%. However, no other chemical components
have been found by ICP-MS.

Chemical analyses of the carbonate produced from MSWI-BA
indicated a CaCO3 content of 79 wt%. However, XRD analyses
showed calcium carbonates (mainly vaterite, some calcite) as the
only crystalline phases. TheXRDpatterndid not show the character-
istic bulb for amorphous silica, but both chemical analyses and elec-
tron microprobe analyses suggested such phases being present.

Carbonation of MSWI-BA occurs also naturally. On the one
hand, this process is desired for application as building materials
as it generally increases their chemical and physical stability
(Fernández Bertoz et al., 2004). On the other hand, natural carbon-
ation does not remove contaminants and the observed changes in
mineralogy (Ohlsson, 2000) can also increase the leachability of
certain elements. Furthermore, carbon storage is only restricted
to the surface in natural carbonation processes. Contrarily, our
experiments removed contaminants from the MSWI-BA, yielded
a purer carbonate and stored a higher amount of CO2.

The carbonate produced from BC-BA was very similar to that
produced from MSWI-BA with respect to chemistry and purity,
but calcite was the only CaCO3 phase according to XRD analyses.
The decrease in Cr concentration from 520 mg/kg in the initial
BC-BA to 50 mg/kg in the carbonate showed exemplarily that for
BC-BA, for which heavy metals may exceed the limit values (espe-
cially Cd, Cr and Zn (Obernberger et al., 1997; BMLFUW, 2001)),
mineral carbonation might be a new recycling route to allow for
agricultural use as liming agent.

The purity of the calcium carbonate produced from PSI-A was
higher than that of the other ashes, but lower compared to EAF-
S. The main crystalline phase was vaterite, whereas calcite only
occurred in minor amounts. The impurities did not form crystalline
phases according to XRD measurements which suggested a gel-like
character. These results confirmed that the high CaO content of
PSI-A (Sanna et al., 2014) makes them a feasible waste stream for
the carbonation process which yielded higher purity products than
other industrial residues.

Chemical analyses of the produced carbonates showed total car-
bon contents between 11 and 18 wt%. Considering the mass of the
reaction products of about 9–14 g, their CO2 content of about 40–
67 wt% and the mass of the input materials of 50 g this meant that
between 74 and 190 kg CO2 per ton input material could be stored,
which was significantly less than the calculated theoretical CO2

uptake. The theoretical CO2 uptake of a certain educt material
was calculated from the CaO + MgO content, decreased by already
present CO2 in the educt material. The experimental CO2 uptake
was calculated from CO2 contents and the weights of the reaction
products (Table 3).
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Fig. 5. Mass balance of carbonation experiments (left: main elements, right: trace elements; blue: dissolved amounts; red: amounts in precipitates; for sample abbreviations
see Table 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Experimental and theoretical CO2 uptake of industrial residues for carbon capture and utilisation.

Parameter EAF-S EAF-FD MSWI-BA BC-BA PSI-A#

Educt mass (g) 50 50 50 50 50
CaO (wt%) 30.67 36.41 20.97 27.17 54.25
MgO (wt%) 5.39 8.57 3.70 5.32 3.50
CO2 (%) <1.83 9.90 2.57 <3.67 n.a.
Theoretical CO2 uptake (%) 28.26 28.15 18.02 23.57 n.a.
Product Mass (g) 14.3 9.3 9.8 8.6 10.4
CO2 (%) 66.73 40.33 42.53 43.26 43.96
CO2 (g) 9.54 3.75 4.17 3.72 n.a.
Experimental CO2 uptake (% of input mass) 19.08 7.50 8.34 7.44 n.a.
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The value of 19 g/100 g for EAF-S was in the same range as in
experiments using ammonium salt solutions (16 g/100 g, 80 �C)
(Kodama et al., 2008) or acetic acid followed by NaOH addition
(23 g/100 g for blast furnace slag) (Eloneva et al., 2008a,b) and 9
g/100 g for LD slag (Eloneva et al., 2008a,b).

For MSWI-BA the achieved CO2 binding capacity of 8 g/100 g
was much higher than the 3 g/100 g observed in direct low liquid
carbonation at a much coarser grain size of 4 mm 3 g/100 g
(Rendek et al., 2006), but also higher than similar values observed
for the direct liquid-solid route at 3 bar and a liquid/solid ratio
between 0.3 and 0.4 (Fernández Bertoz et al., 2004). Slightly higher
CO2 binding capacities of 2–7 g/100 g were observed at 3 bar and a
relative humidity of 75% for fly ashes, which are characterized by
higher heavy metal contents (Li et al., 2007). Higher values of about
20 g/100 g have been reported for air pollution control residues
(Cappai et al., 2012).

The CO2 binding capacity observed for BC-BA was in the same
range obtained in a direct carbonation experiment at 2 bar
(8 g/100 g), whereas for the carbonation of PSI-A the range of
10–26 g/100 g (Gunning et al., 2010) was not reached.

Considering CO2 capture, utilisation and storage (CCUS) the fol-
lowing estimate can be given: The production of 1 ton of ground
limestone for agricultural purposes is related to the net emission
of 59 kg C (West and McBride, 2005) which corresponds to 216
kg CO2. The production of 1 ton of calcium carbonate via the sug-
gested route is on the one hand associated with the uptake of
about 74–191 kg CO2. However, the CO2 emissions during our pro-
cess could not be specifically determined due to the enormous
uncertainties (different grain size and hardness of input materials,
differences between lab and real scale, effect of possible acid recy-
ling, etc.). Therefore, it remains unknown, if these are above or
below the total avoided emissions of 290-407 kg CO2 per ton of
limestone produced by this route in substitution of the traditional
process. For this purpose, the desirable net comparison between
CO2 emissions of primary and secondary resources cannot be given
for our approach. However, it is obvious that acid regeneration is
required for a resource-efficient process. Our results suggest that
diffusion dialysis is a feasible technology for this purpose, but
would have to be compared with alternatives like electrochemical
and membrane technologies.

Finally, it has to be stressed that the market requirements of the
products were not yet met for high-value applications such as filler
in the paper industry. This means that despite the availability of
the initial residues, the feasibility of the overall process cannot
be established at this stage. However, it seems more realistic that
the treatment of these residues would be the driver for the entire
process than the CO2 storage which would be an extra benefit.
For this purpose the leaching behaviour of the carbonation product
and that of the silica rich by-product should be also examined
besides their total content.

4. Conclusion and outlook

The aim of this work was to apply a stepwise mineral carbona-
tion treatment to different types of poorly valorised industrial resi-
dues to assess which may be the most promising ones to employ
for the process, in terms of total content of specific elements in
the obtained products.

The selected approach yielded calcium carbonate with CaCO3

contents between 79 and 97 wt%. For a detailed assessment of
the utilisation options it is necessary to better characterize the car-
bonate product. EAF-S turned out to be a quite promising material
for the suggested technology, as it yields on the one hand a ferrous
metal concentrate and a very pure PCC. However, further research
is needed to obtain purer products which allow for higher value
applications. For this purpose, the process needs to be optimized

for a specific residue and based on these results an assessment of
the energy and material requirements, as well as environmental
and economic assessment for the overall process, taking into
account of the substitution of primary raw materials, could be per-
formed. The main challenge will be to better remove Al2O3 during
the precipitation stage and to develop a method for preventing Mg
to co-precipitate from the solution. Considering material quality it
also has to be mentioned that some heavy metal concentrations,
like Zn (<0.08 wt%) are still too high in all the produced carbonates
and that especially these metals fractionated into the carbonates
during the stepwise process. Consequently, methods for their
removal, for example precipitation as sulphides under reducing
conditions, should be tested. Also the yield of carbonates needs
to be enhanced, as in several elements significant residual Ca con-
centrations remained in solution.

Regarding the objectives of the project, the following main out-
comes can be summarised:

1. The suggested stepwise treatment of ashes and slags which are
currently disposed of in landfills, yielded first promising results
with respect to the removal of contaminants like Cr from EAF-S
or Pb from MSWI-BA. However, other contaminants like Zn
could not yet be removed sufficiently.

2. Laboratory experiments demonstrated that between 74 and
191 kg CO2 could be stored in 1 ton of industrial residue which
shows a pathway to reduce the CO2 emissions of Waste-to-
Energy plants and other energy-intensive industrial plants by
carbon capture, utilisation and storage (CCUS).

3. Precipitated calcium carbonate (PCC) with CaCO3 contents of up
to 97 wt% was produced, but further quality improvements are
required to use it as a substitute for primary resources in the
paper industry.

4. Dissolution experiments left behind a SiO2 concentrate whose
suitability for use as an aggregate for building materials could
not be determined due to too small sample amounts.

5. A precipitate enriched in Fe and Cr was produced, but it con-
tained also salts that may limit its applications as secondary
raw materials for the metallurgical industry.
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