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A B S T R A C T

Mineral CO2 sequestration is a promising carbon capture and storage approach based on the chemical reaction of 
CO2 with alkaline materials containing Ca- and Mg-rich (hydr)oxides and silicates. This results in the formation 
of relatively insoluble and storable carbonates. This study investigates six ashes of different origins and chemical 
compositions to assess their CO2 sequestration potential and leaching behavior, offering insights into their 
environmental impact and potential risks. The carbonation experiments were conducted under controlled lab
oratory conditions and the CO2 sequestration capacity was quantified using a pressure calcimeter, supported by 
thermogravimetric analysis. Wood ashes and ash from the co-combustion of biomass from a paper mill showed 
the highest carbonation potential, with CO2 sequestration capacities between 344.8 and 432.3 g CO2 per kg of 
ash and carbonation efficiencies between 82.4 % and 94.4 %. In addition to the high sequestration capacity of the 
ashes, carbonation was found to affect the leaching behavior of the ash in the environment by changing its 
mineralogical composition. The process consistently reduced pH and generally decreased the leaching of certain 
trace elements, except for Mo, and Cr. Nevertheless, the reduction in the leachability of several elements suggests 
a partial environmental benefit of carbonation. The findings highlight the dual functionality of the carbonation: 
it provides a viable route for the permanent binding of CO2 and can enhance the stabilization of industrial 
residues. However, the persistence of metal leaching indicates that its overall effectiveness in mitigating envi
ronmental risks associated with residue disposal or reuse remains material-dependent.

1. Introduction

The CO2 concentration in the atmosphere has been below 300 ppm 
for thousands of years [1], while in May 2025, it reached a new record 
level of 430.51 ppm [2]. CO2 emissions from the fossil fuel industry play 
an important role in the accumulation of CO2 in the atmosphere, as fossil 
fuel combustion, cement production and other industrial processes 
release more than 36 Gt of CO2 worldwide every year [3]. Increasing 
CO2 concentrations in the atmosphere are leading to global warming 
and associated impacts such as rising global temperatures, rising sea 
levels, ocean acidification and ecosystem disruption [4,5]. These effects 
emphasize the urgent need to reduce CO2 and other greenhouse gas 
emissions. To overcome these challenges, the European Commission 
adopted the European Green Deal in 2020, which commits the European 
Union to becoming climate neutral by 2050 [6]. The European Union’s 

initiatives are aimed at various sectors, including the construction in
dustry, transport, and renewable energies. In the first phase, net 
greenhouse gas emissions are expected to be reduced by at least 55 % by 
2030 compared to 1990 levels [6]. In the technological segment related 
to construction, several technologies are currently being developed or 
improved which will mainly contribute to the first phase. These include 
various recycling methods and industrial symbioses such as alkali acti
vation and carbonation (cement/concrete curing with CO2) as well as 
carbon capture, utilization and storage (CCUS) technologies [7], which 
also include mineral sequestration [8,9].

Despite current energy- and cost-intensive carbon capture and stor
age technologies, mineral CO2 sequestration represents a straightfor
ward approach that primarily involves the reaction of CO2 with alkaline 
materials consisting of Ca- and Mg-rich (hydr)oxides and silicates, 
leading to the formation of solid carbonate products and their 
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subsequent storage [3,10–12]. Many different carbonate phases can be 
detected in waste materials; from pure Ca-carbonates to 
Ca-Mg-carbonates and pure Mg-carbonates. However, Ca-containing 
carbonates are the predominant products after carbonation [13,14]. 
The reaction between CO2 and minerals occurs without external energy 
input [12]. While spontaneous carbonation with atmospheric CO2 (0.04 
%) is generally very slow, carbonation can be enforced by an increased 
CO2 concentration or pressure [11,15,16]. Directly binding molecular 
CO2 to CaO is a very slow process, and the reaction is faster in the 
presence of H2O (liquid or gaseous) [11]. In order to mitigate climate 
change fast enough, enforced carbonation is highly favorable to natural 
carbonation. The literature therefore describes a wide range of varia
tions in the curing environment [10,17–23]. The processes of mineral 
carbonation can be classified as direct or indirect [24]. Indirect mineral 
carbonation is a multi-stage process in which the metal extraction is 
separated from the CO2 reaction and high-purity calcium carbonate is 
produced, whereas direct mineral carbonation is a single-stage process 
in which the solid material is treated directly with CO2 and typically 
produces carbonated materials for construction and other applications 
[17,25]. In addition to differences in end products, direct carbonation is 
generally simpler, less expensive, and more environmentally friendly 
due to its lower chemicals consumption compared to indirect carbon
ation [17]. It can be divided into gas-solid, semi-dry (with water vapor) 
and wet carbonation using liquid water or an alkaline aqueous solution 
[17,25,26]. Wet carbonation is generally more efficient than gas-solid 
carbonation under ambient conditions, which makes it attractive for 
industrial applications. Nevertheless, the main challenges remain, 
including identification of control mechanisms, optimization of key 
operating parameters (i.e., liquid/solid (L/S) ratio, CO2 concentration, 
pressure, temperature, reagents used) and reducing the high operating 
costs [12,22,26–28]. In contrast, gas-solid carbonation has been less 
studied due to its slow reaction rates, which limit large-scale applica
tion. However, the performance can be improved by increasing tem
perature, pressure or CO2 concentration [12,26]. Semi-dry carbonation 
offers a balance between dry and wet processes. In this approach, the 
water is present as vapor, as an adsorbed H2O layer on the particle 
surface and in the pores between the particles [17]. This accelerates the 
reaction kinetics, while significantly less water is required and the slurry 
system typical of wet carbonation is avoided [29].

Using CO2 sequestration to produce building materials is an 
economically sustainable industrial process with negative carbon 
emissions and therefore deserves attention for further development 
[30]. The cement industry is the most important sector in which action 
needs to be taken to reduce greenhouse gas emissions [4]. One prom
ising option is to replace cement in certain applications with alternative 
binders, such as carbonated steel slag, that are more environmentally 
friendly [31,32]. Other potential sources for such technology from waste 
streams are bio-based ashes derived from the combustion of wood 
biomass residues (e.g. wood chips, pellets, bark), which are typically 
rich in Ca and/or Mg and can bind CO2 in the form of stable carbonate 
compounds [10,18,22]. Carbonation treatment significantly reduces 
reactive Ca-rich components such as free lime, portlandite, and calcium 
silicate in waste ash by transforming them into stable carbonate min
erals [33]. As a result, carbonated materials can be considered a new 
class of ceramic-like materials that enhance environmental safety and 
sustainability. The pH decreases during carbonation, mainly due to the 
conversion of free lime or periclase into carbonates. However, pH is an 
important factor influencing the leaching concentration, as potentially 
toxic elements (PTEs) are leached more under acidic and strongly 
alkaline conditions [33,34]. Other external factors (e.g. temperature 
changes, water contact, shape and size of the hardened specimen or 
monolith, etc.) can also increase the amount of toxic species being 
released from materials [35,36]. Waste such as biomass ashes may 
contain elevated concentrations of PTEs [37–40], and immobiliza
tion/leaching the potential PTEs should be monitored. Effective waste 
management strategies require a comprehensive knowledge of how 

toxic species are immobilized by different materials. The total avail
ability for leaching should be analyzed, which depends on the matrix 
and mineralogical phases [41] and not by their total content in the solid 
material [42–44]. Leaching tests are essential for assessing the envi
ronmental impact and sustainability of construction materials [45]. The 
concentration of released toxic species and the legal limits, as defined in 
national or communal legislation, are needed to estimate the extent of 
leaching and potential pollution of the studied material/product. Typi
cally the Decree on landfilling waste [46] considering leaching the tests 
EN 12457/1–4 and EN 14405 is used in the European Union (EU). Some 
states, e.g. Slovenia, have national decrees on waste aligning with EU 
regulations such as the Waste Framework Directive and the Landfill 
Directive [47].

Carbonation treatments can also affect the stability of PTEs by 
changing the occurrence of minerals in the ash matrix [48,49]. The ash 
composition also changes during storage and under different environ
mental conditions, as CO2 and moisture react with the ash to form 
carbonates and hydroxides [50]. Carbonation reactions with the for
mation of CaCO3 lead to a decrease in pH to a less basic value (from ~12 
to ~8). This can reduce the solubility of metal hydroxides and increase 
the stability of heavy metals such as Pb, Zn, and Cu compared to strongly 
alkaline conditions [51]. The leachability of different PTEs (Pb, Zn, Cu, 
Cd, Cr and Ni) from untreated and stabilized municipal solid waste 
incineration fly ash (MSWI-FA) was investigated and related to several 
factors, such as carbonation mode, different pretreatments, initial 
moisture content, initial and final pH and various leaching scenarios 
[48,49]. The pretreatments were able to increase the leaching concen
tration of PTEs (except Pb), while the leaching concentrations of Cu, Pb 
and Cr decreased significantly after carbonation [49]. The heavy metals 
could be solidified by carbonation, and the leaching concentration of 
some heavy metals in water or acidic solutions decreased. However, Gu 
et al. [49] found that the leaching concentration of Ni and Zn did not 
decrease after carbonation, highlighting distinct solidification mecha
nisms for different heavy metals.

Recently, a method for assessing the CO2 sequestration potential of 
waste ashes was proposed [18], revealing that not all ashes are equally 
suitable. In particular, wood biomass ash (WBA) showed greater 
sequestration potential than coal ash due to its higher content of Ca 
oxides and reactive minerals that convert CO2 into stable carbonates. 
This finding is particularly important in the context of the circular 
economy, as about 70 % of WBA still ends up in landfills [10,11,52,53].

In this study, the CO2 storage capacity of fully carbonated wood 
biomass and co-combustion ashes was systematically assessed, consid
ering their different origins and properties, with emphasis on how 
enforced carbonation influences their leaching behavior. While bio- 
based ashes showed strong potential for permanent CO2 sequestration, 
their use is often limited by concerns about the release of toxic elements 
into the environment. Previous studies have primarily examined either 
the sequestration capacity of ashes or their leaching characteristics; in 
this study, both are evaluated simultaneously. However, the interaction 
between enforced carbonation, CO2 sequestration capacity, and the 
environmental mobility of PTEs remains insufficiently understood, 
particularly for wood and co-combustion ashes. Addressing this gap, this 
study provides new insights, showing that enforced carbonation not only 
enhances permanent CO2 storage but also changes the leaching profile of 
the ashes. It also highlights the importance of studying the mechanisms 
affecting the leaching behavior of PTEs, such as Mo and Cr, in carbon
ated bio-based ashes, and of attempting their immobilization through 
different treatment methods to ensure their safe utilization.

2. Materials and methods

2.1. Materials

Six types of ash were analyzed: three from wood biomass and three 
from co-combustion processes. Their characteristics are stated in 
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Table 1. Representative composite samples were provided by the 
respective companies. The composite samples were obtained by 
combining several subsamples taken at different sampling points and/or 
at different operating times to ensure that the analyzed samples are 
representative of a typical ash production.

2.2. Characterization of ashes

All ash samples were homogenized by quartering, packed in PVC 
bags, and stored in plastic containers. Prior to chemical analysis, the 
samples were dried to a constant weight in a laboratory oven at 105 ◦C 
and then ground to pass through a 125 μm sieve. To determine the loss 
on ignition (LOI), the samples were heated at 950 ◦C following the EN 
196–2:2013 standard. Fused beads were prepared by mixing ash with a 
flux of 50 % lithium tetraborate and 50 % lithium metaborate at a 1:10 
ratio (0.947 g of ash to 9.47 g of flux) and heated at 1100 ◦C. The ash’s 
chemical composition was analyzed using a Thermo Scientific ARL 
PERFORM’X Wavelength Dispersive X-Ray Fluorescence Spectrometer 
(WDXRF) equipped with a Rh-Target X-ray tube and the UniQuant 
software.

For mineralogical analysis, each sample was further sieved to par
ticle sizes below 63 μm and placed in 27-mm holders. X-ray diffraction in 
the Bragg-Brentano configuration (XRD) was conducted before and after 
CO2 exposure using an Empyrean PANalytical X-Ray Diffractometer 
with a Cu X-ray source, scanned in 0.013◦ increments from 4◦ to 70◦

under clean room conditions. The X-ray tube was operated at 45 kV and 
40 mA. The external standard method with corundum (NIST SRM 676a) 
was used to determine the amorphous amount, and quantification was 
performed in reference to patterns from the ICDD PDF 4 = 2020 RDB 
powder diffraction files, using the Rietveld refinement with X’Pert 
Highscore Plus 4.9 software.

2.3. CO2 sequestration capacity

Before testing, the ashes were ground and sieved to a particle size 
below 125 μm, and 20 g of each sample was placed in a closed 
carbonation chamber for semi-dry carbonation under controlled condi
tions: relative humidity of (80 ± 3.2) %, temperature of (40 ± 0.5) ◦C 
and CO2 concentration of (4 ± 0.1) vol%. Carbonation was monitored 
by initially weighing the samples and then weighing them after 3, 7 and 
14 days in the chamber. If the difference in weight between the mea
surements was no more than 0.01 g, the samples were considered fully 
carbonated. Approximately 2 g of the sample was removed at each 
weighing, as carbonation was monitored using a pressure calcimeter. 
The fully carbonated samples were then dried at 105 ◦C for 24 h for 
further analysis. The progress of the enforced carbonation process, i.e. 
the increase in CO2 content (CO2 uptake, in wt%) in the ash, was deter
mined by calcimetric measurements and calculated using Eq. (1)
[54–57], where CO2 carbonated ash (wt%) refers to the measured CO2 
content in the ash after the carbonation treatment and CO2 original ash (wt 

%) refers to the measured CO2 content in the original ash. 

CO2 uptake(wt%)=

(
CO2 carbonated ash (wt%) − CO2 original ash (wt%)

)

(100 − CO2 carbonated ash (wt%))
× 100

(1) 

CO2 uptake quantifies the actual increase in CO2 content during the 
carbonation process, reflecting the real extent of carbonation and indi
cating the material’s reactivity under natural carbonation conditions. In 
contrast, CO2 sequestration capacity (CO2 capacity) indicates the total 
amount of CO2 that can be sequestered per kilogram of ash (gCO2/kgash). 
The experimental CO2 sequestration capacity of each sample was 
determined by calcimetric measurements, supported by thermogravi
metric analysis (TGA), and calculated using Eq. (2) [33]. The CO2 

carbonated ash refers to the measured CO2 content in the ash (in wt%) after 
complete carbonation. 

CO2 capacity exp

(
gCO2

kgash

)

=
CO2 carbonated ash (wt%)

100 − CO2 carbonated ash (wt%)
× 1000 (2) 

The experimental CO2 sequestration capacity was then compared 
with the theoretical value calculated using the modified Steinour 
equation (Eq. (3)) [58], which states that oxides such as CaO, MgO, 
Na2O, and K2O can react with CO2 during the carbonation process, while 
sulfates and chlorides cannot. 

CO2 capacity th

(
gCO2

kgash

)

=
44
56

mCaO +
44
40

mMgO +
44
62

mNa2O +
44
92

mK2O

−
44
80

mSO3 −
44
71

mCl

(3) 

Furthermore, the carbonation efficiency (η) was determined as the 
ratio of experimental CO2 sequestration capacity to theoretical CO2 
capacity (Eq. (4)) [58]. 

η (%)=
CO2 capacity exp

CO2 capacity th

× 100 (4) 

Calcimetric measurements determine the calcium carbonate and 
calcium magnesium carbonate (dolomite) content based on their reac
tion with acid, where the release of CO2 is measured with a pressure 
calcimeter (OFITE Calcimeter, OFI Testing Equipment Inc., USA, ac
cording to ASTM D 4373). The calcimeter was calibrated before the 
measurements by reacting HCl with standard CaCO3 (Calcium Carbon
ate Precipitated, OFI Testing Equipment, Inc, CAS:471-34-1). The cali
bration curve was generated with five measurements (0.2, 0.4, 0.6, 0.8, 
and 1.0 g CaCO3) with R2 = 0.9996. Then, 1.0 ± 0.010 g of the dried 
sample with a particle size below 125 μm was weighed into the reaction 
cell. The acid cup was filled with 20 mL of 10 % HCl and carefully placed 
in the reaction cell. After 30 s, the reaction of CaCO3 with HCl generates 
CO2, which is measured with a manometer. The amount is calculated 
using the stoichiometric ratios given in Eq. (5). If the analyzed sample 

Table 1 
Characteristics of the investigated ash samples.

Sample 
ID

Ash Type Origin Fuel Type Combustion method Combustion temperature (◦C)

A1 WB-FA (fly 
ash)

Danish utility company Wood chips Circulating fluidized bed 800–900

A2 WB-FA (fly 
ash)

Danish utility company Wood pellets Grate-fired up to 1200

A3 WB-BA 
(bottom ash)

Slovenian heat and power 
station

Wood chips Grate-fired 700–900

A4 CCA (bottom 
ash)

Slovenian paper mill Paper fiber sludge, wood waste, bark Circulating fluidized bed 550-650 (primary chamber), 750–900 
(secondary chamber)

A5 CCA (bottom 
ash)

Slovenian combined heat 
and power station

Brown coal (85 %) and biomass from 
wood chips (15 %)

Pulverized bed combustion (coal), 
grate-fired (biomass)

800-900 (biomass), 
1000-1300 (coal)

A6 CCA (bottom 
ash)

Slovenian heat and power 
station

Municipal waste (light fraction), 
dehydrated sewage sludge

Grate-fired combustion 650-850 (primary chamber), up to 
1200 (secondary chamber)
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contains any dolomite (CaMg(CO3)2), there will be a pause followed by a 
slow, second rise in pressure. The reaction is complete when the pressure 
stops increasing, which occurs in 30–40 min. The measurement uncer
tainty of ±2 % was recently calculated for calcimetric measurements 
[59]. 

CaCO3 (s) + 2HCl (aq) → CaCl2 (aq) + CO2 (g) + H2O (l)               (5)

n (CaCO3) = n (CO2) = 1:1                                                                 

TGA was performed on dry carbonated samples using a TGA 
Q5000IR thermal analyzer (TA Instruments, New Castle, Delaware, 
USA) from 25 to 1000 ◦C at a heating rate of 10 K min− 1. To avoid 
oxidation, the sample chamber was filled with N2 at a flow rate of 25 mL 
min− 1. The samples were placed in 100 μL Al2O3 crucibles. The CO2 
content (wt%) by TGA was determined by mass loss in the temperature 
range of decomposition of carbonate minerals (500–900 ◦C), based on 
dry matter at 105 ◦C, as given in Eq. (6). The results were analyzed using 
TA Universal Analysis 2000 v.4.5A (TA Instruments, New Castle, Dela
ware, USA). Each sample was tested individually. 

CO2(wt%)=
Δm500− 900 ◦C

m105 ◦C
× 100 (6) 

2.4. Leaching

The water content was determined as “free water”, i.e. water that 
evaporates after 24 h at 105 ◦C. The liquid-to-solid (L:S) ratio for the 
procedure was 1:10, selected from the leaching test EN 12457–2:2002 
[60], and the same L:S ratio was chosen for the pH and conductivity 
measurements. Leaching of the original and carbonated samples was 
done by suspending ash in distilled water at an L:S ratio of 10 (2.00 g of 
ash and 20.00 mL of distilled water). After 24 h of agitation, the sus
pension was filtered and the pH and conductivity were measured. 
Chloride (Cl− ) and sulfate (SO2

2-) concentrations were measured in the 
filtrate by ion chromatography (IC) (Thermo Scientific Dionex 
ICS-1100), the concentrations of As, Ba, Ca, Cu, K, Mg, Na, S, Si, Sr and 
Zn were measured by inductively coupled plasma optical emission 
spectroscopy (ICP-OES; Agilent Varian 720-ES) and the concentrations 
of Cr, Mo, Pb and Sb were measured by inductively coupled plasma mass 
spectrometry (ICP-MS; Agilent 7850). All samples were acidified before 
the measurements. Measurements were performed in parallel to ensure 
reproducibility of results and the average values were used for data 
analysis.

3. Results and discussion

3.1. Characterization of ashes

First, the characterization of the ash before the carbonation reaction 
was evaluated. The CaO content in the ash is particularly important as it 
is crucial for the extent of carbonation [33]. XRF analysis revealed a 
predominant CaO content of 29–55 wt% together with significant 
amounts of SiO2 (6–31 wt%), Al2O3 (3–20 wt%), K2O (0.3–12 wt%), 
MgO (2–10 wt%) and lower amounts of Fe2O3 (1–4 wt%), P2O5 (0.3–4 
wt%), SO3 (0–3 wt%), Na2O (1–2 wt%) and TiO2 (0–2 wt%). Samples A3 
and A4 have the highest CaO content, indicating a strong contribution to 

the mineralization reaction. The XRF results for primary oxides and LOI 
at 950 ◦C are shown in Table 2.

The main crystalline phases in the analyzed samples were Ca- and 
Mg-containing oxides and silicates, as shown in Fig. 1. The results from 
XRD pattern evaluation of the original and carbonated ashes are stated 
in Table 3. The XRD analysis confirmed the presence of calcite as the 
primary mineral phase in the carbonated samples, varying from 10.1 to 
28.4 wt% before carbonation and from 18.7 to 54.5 wt% after carbon
ation. The main limitation of XRD analysis is that cannot detect amor
phous CaCO3 in the sample, but it can distinguish between different 
CaCO3 polymorphs. Portlandite is the most susceptible phase to 
carbonation as it reacts very quickly with CO2 and disappears 
completely from the XRD patterns, whereas Ca-silicates react only after 
longer reaction times [55].

Table 3 shows that several mineral phases identified in the untreated 
ashes (lime, portlandite, periclase, fairchildite) are no longer present in 
the carbonated ashes. The carbonation products of larnite detected in 
samples A4 and A6 are metastable CaCO3 polymorphs (aragonite, 
vaterite), which, according to the literature, later transform into calcite 
[61] and amorphous C-S-H gel [62]. In sample A2, the amount of hy
droxyapatite decreased during carbonation, leading to the formation of 
monetite, as in Ref. [63]. The main phases contributing to the carbon
ation process are lime, portlandite, larnite and merwinite [55,57].

3.2. CO2 sequestration capacity

Given that the CO2 uptake of these ashes is expected to be certified in 
the near future [64], ensuring the accuracy and comparability of the 
measurement results is of utmost importance. As ashes from biomass 
combustion and co-combustion processes are increasingly recognized 
for their potential to sequester carbon through mineral carbonation, 
standardized quantification of their CO2 uptake capacity is crucial. 
Variability in ash composition, combustion conditions and exposure 
environment can significantly affect both the extent and rate of 
carbonation. Inaccurate or non-comparable data not only hinders sci
entific understanding, but also undermines environmental accounting, 
which can lead to inaccurate carbon balance estimates. To minimize 
inconsistencies, all samples should be fully carbonated prior to analysis, 
and the selection of appropriate analytical methods is essential, as 
different techniques can lead to different results. Prior to carbonation, 
all ashes had undergone some degree of natural carbonation and initially 
contained calcite as measured by a pressure calcimeter. The CO2 uptake 
was calculated after complete carbonation using a pressure calcimeter 
according to Eq. (1); the results are shown in Table 4 and Fig. 2a. The 
calculated CO2 uptake in the ashes ranged from 9.6 to 22.4 wt%, except 
for sample A6, where the uptake was only 3.3 wt%, as the untreated ash 
was almost completely carbonated during storage, indicating high 
reactivity even under ambient conditions. Calcimetric measurements 
are more reliable for determining CO2 content, since the main limitation 
of TGA is the mass overlap with other phases and the small sample size 
analyzed (10–20 mg for TGA), while 1.0 g of sample is required for 
calcimetric measurement.

The experimental CO2 sequestration capacity of the ash was deter
mined using a pressure calcimeter and TGA. The theoretical CO2 
sequestration capacity was calculated from the chemical composition of 

Table 2 
Loss on ignition (LOI) at 950 ◦C and chemical composition of the original ashes stated as primary oxides (wt%) by XRF analysis.

ash type: sample ID LOI 950 ◦C Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 Fe2O3 Cl

wood ash A1 15.13 1.33 4.59 6.22 27.97 2.85 2.59 3.60 31.00 0.19 3.31 0.19
A2 22.09 0.83 6.80 2.69 9.69 4.18 2.49 11.93 36.62 0.20 0.76 0.00
A3 26.09 0.48 5.88 3.35 5.64 2.82 2.82 8.14 44.95 0.07 0.68 0.00

co-combustion ash A4 14.55 0.41 2.12 11.08 14.45 0.26 0.20 0.25 55.40 0.22 0.56 0.00
A5 12.79 0.57 10.25 7.43 31.17 1.00 0.07 3.21 28.98 0.32 3.56 0.00
A6 7.21 2.28 3.46 20.05 25.91 2.45 0.86 0.55 28.62 1.85 3.37 0.56
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the ashes (XRF results) using the modified Steinour equation (Eq. (3)), as 
recently reported in the literature [58], and is presented in Table 5 and 
Fig. 2b. The actual CO2 sequestration capacity of the samples was 
slightly lower when determined by TGA compared with calcimetric 
measurements, as the CO2 content determined by TGA represents the 
mass loss resulting from the decomposition of CaCO3 into CaO and CO2 
in the temperature range between 500 ◦C (shifted to 550 ◦C for sample 
A6) and 900 ◦C [65]. However, for some samples, it may be difficult to 
determine the correct temperature range if the peaks for carbonate and 
other decompositions are not clearly separated, so the determination of 
the range to be analyzed in the thermogram may not be accurate 
enough. A pressure calcimeter measures carbonate content by the 
pressure of released CO2, with the amount of CO2 calculated using 
stoichiometric ratios. Furthermore, carbonation efficieny was calculated 
as the ratio between CO2 sequestration capacity determined by the 
pressure calcimeter and the theoretical value, as shown in Table 5.

Samples A2, A3, and A4 have significant potential for carbon 
sequestration, with CO2 sequestration capacities ranging from 344.8 g/ 
kgash to 432.3 g/kgash according to calcimetric measurements, and high 
carbonation efficiency ranging from 82.4 % to 94.4 %. The results are 
comparable to recently reported high values for white slag, which 
reached a maximum CO2 sequestration capacity of approximately 360 
gCO2/kgslag after a wet carbonation process with pure CO2, while re
fractory waste reached a maximum sequestration capacity of 311 gCO2/ 
kgslag [33]. Lin et al. reported a CO2 sequestration capacity of 536 g/kg 

for steel slag with direct wet carbonation process and 361 g/kg for blast 
furnace slag with indirect carbonation, indicating the excellent seques
tration properties of these materials [66].

In this study, the CO2 content in carbonated ash was determined by 
calcimetric measurements and supported by TGA. Calcimeter and TGA 
were sufficient to estimate the CO2 content, as the results differed by less 
than 3 %. In cases where the deviations are more than 3 %, further 
analysis with quantitative XRD is recommended to improve the reli
ability of CO2 quantification.

Fig. 3 shows the TGA and differential thermogravimetric (DTG) 
profiles of the samples after complete carbonation. All samples are 
characterized by four distinct peaks. The first two peaks, which start at 
about 25 ◦C and end at about 200 ◦C (region I), are attributed to surface- 
bound water (the first peak), while the second peak is related to dihy
droxylation of the mineral phase or possibly to partial decarbonation of 
the bicarbonates, according to Ref. [67]. The third peak, observed be
tween 250 and 500 ◦C (region II), can be attributed to several thermal 
processes [68]. It may result from the burnout of organic carbon at 
250–500 ◦C or from the decomposition of portlandite between 400 and 
500 ◦C [65,68]. However, no portlandite was detected by XRD in the 
analyzed samples after carbonation treatment. In addition, MgCO3 can 
also decompose in the temperature range between 300 and 500 ◦C [69], 
but its presence cannot be reliably confirmed by XRD, as the main peak 
(100 % intensity at 32.8◦) is weak and overlaps with those of fair
childite, hydroxylapatite, or K-carbonate. The last peak results from the 

Fig. 1. XRD patterns of powdered original and carbonated ashes. The highest intensity reflections of the main identified phases contributing to carbonation 
are indicated.
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decomposition of carbonates and their transformation into more stable 
phases, usually occurring between 500 and 900 ◦C (region III) [65], 
except for sample A6, where the peak is shifted to 550 ◦C. The mass loss 
in the region from approximately 500 ◦C–800 ◦C can be attributed to 
calcite decomposition, while the mass loss around 800 ◦C may result 
from K2CO3 decomposition [68]. However, the presence of K2CO3 
cannot be reliably confirmed by XRD, as the main peak (100 % intensity 
at 31.3◦) is weak and overlaps with those of calcite and kalicinite.

3.3. Environmental behavior

The leaching behavior of untreated and carbonated ashes prepared 
according to EN 12457–2:2002 is compared in Fig. 4, where the 
carbonated ashes show decreased pH values and conductivities. These 
differences can be attributed to the mineralogical changes during 
carbonation [55]. At the maximum sequestration capacity achieved for 
sample A3, the corresponding pH was 10.1 (decreased from 12.7). 
Maintaining an optimal pH is crucial for increasing the sequestration 

Table 3 
XRD results of the original (orig) and carbonated (carb) ash samples determined using the Rietveld refinement. The corresponding agreement indices Weighted R 
profile (Rwp) and Goodness of fit (GOF) are stated to indicate the refinement validity. The precision of XRD analysis is approximately ±2 wt%.

Phase Formula A1 A2 A3 A4 A5 A6

orig carb orig carb orig carb orig carb orig carb orig carb

calcite CaCO3 21.3 25.0 23.1 54.5 28.4 57.5 24.8 50.4 10.1 24.4 11.8 18.7
dolomite CaMg(CO3)2 ​ ​ ​ ​ ​ ​ ​ ​ 8.1 8.7 ​ ​
kalicinite KHCO3 <1.0 1.6 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
K-carbonate γ K2CO3 ​ ​ ​ ​ 1.1 2.0 ​ ​ ​ ​ ​ ​
aragonite CaCO3 ​ ​ ​ ​ ​ ​ ​ 7.0 1.2 <1.0 ​ 7.0
vaterite CaCO3 <1.0 <1.0 ​ ​ ​ ​ ​ 1.7 ​ ​ ​ 2.0
fairchildite K2Ca(CO3)2 ​ ​ ​ ​ 9.0 <1.0 ​ ​ ​ ​ ​ ​
lime CaO ​ ​ 8.0 <1.0 17.2 <1.0 4.1 <1.0 <1.0 0.0 ​ ​
periclase MgO ​ ​ 4.5 <1.0 4.3 <1.0 ​ ​ <1.0 <1.0 1.3 0.0
portlandite Ca(OH)2 ​ ​ 1.0 <1.0 <1.0 <1.0 19.1 <1.0 13.9 <1.0 1.1 0.0
quartz SiO2 3.9 4.4 4.1 3.8 1.3 <1.0 ​ ​ 10.5 9.4 6.4 4.8
merwinite Ca3Mg(SiO4)2 ​ ​ ​ ​ ​ ​ 12.3 1.0 ​ ​ ​ ​
melilite Ca2(Al,Mg,Fe)(Al,Si,B)SiO7) ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ 7.4 6.7
plagioclase NaAlSi3O8 – CaAl2Si2O8 1.7 1.4 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
microcline KAlSi3O8 7.7 8.0 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
gehlenite Ca2Al[AlSiO7] ​ ​ ​ ​ ​ ​ 6.3 4.4 ​ ​ 2.8 4.0
mayenite Ca12Al14O33 ​ ​ ​ ​ <1.0 <1.0 1.5 <1.0 ​ ​ <1.0 <1.0
larnite Ca2SiO4 ​ ​ ​ ​ ​ ​ 13.8 8.9 ​ ​ 26.1 1.3
anhydrite CaSO4 2.2 1.6 ​ ​ ​ ​ ​ ​ ​ ​ <1.0 <1.0
arcanite K2SO4 ​ ​ 8.7 7.2 ​ ​ ​ ​ ​ ​ ​ ​
apatite Ca5(PO4)3(F,Cl,OH) <1.0 <1.0 ​ ​ 1.1 1.3 ​ ​ ​ ​ ​ ​
hydroxy-apatite Ca5(PO4)3OH ​ ​ 11.0 7.4 ​ ​ ​ ​ ​ ​ ​ ​
monetite CaHPO4 ​ ​ ​ 2.6 ​ ​ ​ ​ ​ ​ ​ ​
sylvine KCl 2.6 2.1 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
Al Al ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ 2.9 1.8
amorphous content ​ 57.2 60.1 39.0 23.7 35.2 35.5 18.1 25.7 54.5 55.1 37.3 51.2
Rwp ​ 4.4 4.5 5.3 3.5 4.4 4.6 4.0 4.2 4.4 4.6 3.7 3.4
GOF ​ 2.7 2.8 3.0 2.0 2.5 2.6 2.2 2.4 2.8 3.0 2.3 2.2

Table 4 
CO2 uptake (in wt%) based on the CO2 content in the original and carbonated 
sample, determined with the pressure calcimeter.

Sample ID Calcimeter CO2 uptake

CaCO3 (wt%) CaMg(CO3)2 (wt%) CO2 (wt%) (wt%)

A1 orig 20.7 0.1 9.1 –
carb 38.4 0.5 17.1 9.6

A2 orig 29.4 0.0 12.9 –
carb 58.1 0.2 25.6 17.1

A3 orig 42.7 1.1 19.3 –
carb 67.8 0.8 30.2 15.6

A4 orig 24.9 0.9 11.4 –
carb 61.3 1.3 27.6 22.4

A5 orig 11.9 2.3 6.3 –
carb 34.4 1.7 15.9 11.4

A6 orig 21.2 0.0 9.3 –
carb 27.9 0.0 12.3 3.3

Fig. 2. a) CO2 uptake (in wt%), determined with a pressure calcimeter and b) comparison of CO2 sequestration capacity (in gCO2/kg ash) determined by pressure 
calcimeter and TGA.
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efficiency [33]. The high content of Ca or Mg oxides contributed to the 
high basicity of the ashes [55]: the initial pH of the untreated samples 
was remarkably high (between 11.2 and 12.7), while the pH decreased 
to between 8.9 and 11.1 after carbonation, as shown in Fig. 4a. The 
alkalinity of an ash depends on its content of carbonates and hydroxides 
[50]. Fig. 4b shows that the conductivity in samples A1-A3 is signifi
cantly higher than in samples A4-A6, indicating the presence of more 
soluble species, especially in samples A2 and A3.

Leaching results for major elements and anions are shown in Fig. 5. 
The Ca concentration in the leachates decreases in all samples because 
carbonation leads to the formation of less water-soluble phases [70]. As 

shown in Fig. 5, the leaching of Ca was reduced in all samples after 
enforced carbonation, due to the formation of calcite and other less 
soluble Ca compounds. Sample A6 shows only a slight decrease in Ca 
concentration, while the Ca concentration in sample A1 has decreased 
significantly in the leachate. Even after carbonation, the Ca concentra
tion in A1 remains the highest among all analyzed samples, as it showed 
only a slight increase in calcite content during carbonation according to 
the XRD results in Table 3. A significant increase in calcite was observed 
in samples A2, A3 and A4, which in turn show a low Ca concentration in 
their leachates. The leachates of samples A4 and A6 show a decreased Ca 
content after carbonation, but the concentration is still higher than in 

Table 5 
CO2 content (in wt%) after complete carbonation and the CO2 sequestration capacity (in gCO2/kgash), determined by TGA and calcimetry. The temperature range for 
sample A6 is shifted to 550–900 ◦C. Theoretical CO2 sequestration capacity (in gCO2/kgash) was calculated using the modified Steinour equation, and carbonation 
efficiency was determined using calcimetric measurements as the experimental CO2 sequestration capacity value.

Sample 
ID

TGA (wt.%) TGA calculations Calcimetric 
calculations

CO2 capacity_exp 
(TGA)

CO2 capacity_exp 
(calcimeter)

CO2 capacity_th 
(Steinour)

η

25–105 ◦C 500–900 ◦C m105 ◦C CO2 (wt 
%)

CO2 (wt%) (gCO2/kgash) (gCO2/kgash) (gCO2/kgash) %

A1 1.4 16.3 98.6 16.5 17.1 197.8 206.2 304.8 67.7
A2 2.6 24.7 97.4 25.4 25.6 340.1 344.8 410.5 84.0
A3 3.2 28.1 96.8 29.0 30.2 408.3 432.2 457.6 94.4
A4 1.0 27.6 99.0 27.9 27.6 386.4 380.3 461.5 82.4
A5 1.0 13.1 99.0 13.2 15.9 152.4 189.7 359.0 52.8
A6 1.4 10.7 98.6 10.9 12.3 122.0 139.8 273.4 51.1

Fig. 3. TGA and DTG curves of sample a) A1, b) A2, c) A3, d) A4, e) A5 and f) A6 after full carbonation.
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samples A2, A3 and A5. Hence, partially soluble minerals/compounds 
were formed in samples A4 and A6 after carbonation, which are a source 
of Ca in the leachates.

The enforced carbonation increased CO2 uptake, leading to the for
mation of CaCO3 from reactive phases such as lime and portlandite. High 
amounts of portlandite were found in the original samples A4 and A5, 
which were probably converted to CaCO3 after carbonation. Portlandite 
can also react with silica in the amorphous phase to form calcium silicate 
hydrates (C-S-H) [71]. Based on mineralogical information about the 
quartz present in the samples, the relative quartz content decreases 
slightly in all samples during carbonation, except for sample A1, where 
it increases.

Larnite was identified in the original ashes A4 and A6. Merwinite (a 
Ca-Mg silicate) was also found in the original ash A4. The carbonation 
reaction proceeds faster for larnite than for merwinite, as Mg 

substitution in merwinite negatively affects carbonation reactivity and 
alters the products from calcite to Mg-calcite, aragonite, and magnesite 
[72]. Table 3 shows that the transformation of merwinite is almost 
complete after carbonation, while 8.9 wt% larnite is still present in 
sample A4. The hydration of mayenite can contribute to the formation of 
portlandite and subsequently to the formation of CaCO3 [73,74]. 
Although mayenite was identified as a mineral phase capable of 
carbonation, its carbonation and contribution to CaCO3 formation in the 
present work is low. It is difficult to determine the amount of this phase 
more precisely, as 1.5 wt% and less than 1 wt% before carbonation and 
less than 1 wt% after carbonation were identified in samples A3, A4 and 
A6, respectively.

Amorphous content in the samples was determined by Rietveld 
refinement. In samples A4 and A6, an increase in amorphous content 
after carbonation was observed (7.6 % and 13.9 %, respectively), 

Fig. 4. Leaching behavior of the original and carbonated ashes: a) pH of the leachates and b) conductivity.

Fig. 5. Concentrations of major elements and anions derived from the leaching test (EN 12457–2:2002) performed on the original and carbonated ashes. Dotted lines 
highlight the permissible limits for inert waste in the Decree on waste landfilling [46].
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possibly due to the formation of amorphous calcium aluminum silicates 
and/or amorphous CaCO3, especially in sample A6, where a significant 
increase in amorphous content was measured. This increase in amor
phous content might also be related to the leaching of Ca from both 
samples. The CaCO3 polymorphs aragonite and vaterite were also 
identified in both samples.

The relative K concentration decreased slightly during carbonation 
due to mass gain from carbonation, but leachate concentrations were 
significantly higher in the wood ashes (A1, A2, and A3) than in the co- 
combustion ashes (A4, A5, and A6). The XRF data in Table 2 show that 
A2 has the highest K content, followed by A3 and A1. In ashes, K pre
dominantly occurs as soluble salts in the form of sulfates, chlorides, and 
carbonates [75]. In sample A1, sylvine and kalicinite can contribute to K 
leaching before and after accelerated carbonation. Sylvine can also 
contribute to Cl− leaching. In sample A2, arcanite may be responsible for 
the leaching of K and SO4

2− . After carbonation, the arcanite content 
decreases, resulting in less leaching. The hydration and carbonation 
processes lead to a hard, dense structure that decreases K leaching [76]. 
In sample A3, fairchildite was detected, a mineral phase that occurs in 
biomass ash and can transform into calcite after enforced carbonation 
[77].

A low concentration of Mg (<0.3 mg/kg) was measured in all 
leachates from the original samples. In samples A2, A3, A5 and A6, Mg is 
present as periclase, while no periclase was found in samples A1 and A4. 
Merwinite was also determined as an Mg-containing mineral in sample 
A4, while dolomite and brucite were found in A5. Through hydration, 
periclase may form Mg-hydroxide, which can then be carbonated to 
various hydrated Mg-carbonates [78,79]. However, it was observed that 
in some samples (A2, A3, A5, and A6), reducing the amount of periclase 
and converting it to a more soluble Mg compound could increase the Mg 
leaching after carbonation.

Si concentrations in leachates increased with the degree of carbon
ation and decreasing pH [55]. Sample A2 has the highest Si concentra
tion after carbonation, followed by A1. The increased leachability of Si 
may result from the solubility of amorphous SiO2, the decomposition or 
transformation of silicates to CaCO3 in amorphous Ca-Al silicates [75] 
(in sample A2), and the dissolution of newly formed silicate phases from 
various alumino-silicates (e.g., in sample A1, plagioclase, microcline). 
The leaching of sulfur and sulfate shows a consistent leaching pattern, 
with relatively high concentrations in the leachates of A1 and A2 and 
lower concentrations in A3 and A6. In A1, sulfate leaching could be due 
to the dissolution of anhydrite (based on Rietveld analysis). Based on the 
XRD results (Table 3), anhydrite is the mineral phase responsible for 
sulfate (SO4

2− ) and Ca leaching. The pH in sample A1 after carbonation is 
8.9 (Fig. 3), while in sample A2 after carbonation it is 11.3, which is a 
significant difference considering that both samples were exposed to the 
same carbonation conditions. The higher sulfate leaching could result 
from the progressive dissolution of ettringite due to the carbonation 
process [75]; however, no ettringite was detected in our samples. In 
sample A2, arcanite is possibly the major contributor to the leaching of 
sulfate ions, whereas in samples A3 and A6, the sulfate concentration is 
much lower and identifying the mineral phase contributing to the 
leaching is difficult.

Chlorine (Cl− ) with high concentrations in the leachate before and 
after carbonation treatment was measured in the leachates of samples 
A1 and A6. A much lower concentration was detected in sample A2, 
while the concentrations in the other samples were below the limit 
values for inert waste [46]. The chlorine content in samples A1, A2 and 
A6 decreases after carbonation. Based on the Rietveld refinement data, 
sylvine is the main mineral phase contributing to leaching in sample A1, 
while no chlorine-containing mineral phase is present in samples A2 and 
A6 (Fig. 4). Sample A4 is the only sample where the concentration of Cl−

is higher after carbonation. Based on the XRF data (Table 2), chlorine 
was found in samples A1 and A6 at concentrations of less than 1 wt% 
(A1: 0.19 wt%, A6: 0.56 wt%). Since the chlorine concentration in the 
leachate of sample A1 is higher and the total concentration in sample A1 

is lower than in sample A6, the chemical compound present in sample 
A6 could have lower solubility.

Previous studies have shown that mineralization plays a funda
mental role in preventing the leaching of heavy metals [33,70,80]. 
Wood fly ashes (WFAs) generally contain higher concentrations of heavy 
metals than wood biomass bottom ashes (WBBAs) [70]. Therefore, we 
compared two WFAs (A1 and A2) with one WBBA (A3), all in the particle 
size fraction of less than 0.125 mm in diameter. The heavy metal con
centrations in all WBAs are below the limits for agricultural and forestry 
applications set by various European countries, as reported by Carević 
et al. [81]. There is no direct correlation between the composition of 
toxic metals in biomass ashes and the amount of PTEs in leachates 
[42–44]. The reduction in leaching of PTEs after carbonation was not 
clearly due to a reduced pH, but may have resulted from the formation of 
insoluble metal carbonates reacting with dissolved CO2 [71].

Fig. 6 shows the results of leaching before and after enforced 
carbonation for various PTEs, including Ba, Cu, Mo, Pb, Sb, As, Zn and 
Cr. The results indicate that Cu, Pb, Sb and As leaching are below the 
limits specified in the Decree on the waste landfill for inert waste [46] in 
all samples. For Zn, only sample A2 (original) exceeded the leaching 
limits. After carbonation, the Zn concentration in sample A2 decreased 
significantly to below the limit value. In general, the concentrations of 
Zn are low in all samples. Ottosen et al. [70] recently developed the “In 
Projections to Latent Structures (PLS) model”, which shows that the 
leaching of Zn is strongly dependent on K concentration and the leaching 
of SO4

2− . Supporting this finding, the Zn concentration was highest in 
WFA (A2), which also had the highest K concentration and the highest 
concentration of soluble SO4

2− . Carbonation leads to a decrease in pH 
(Fig. 4), and changes in pH may cause a higher solubility of Pb [82]. Pb 
can be entrapped by carbonates, as the leaching concentrations 
decreased after carbonation in all samples. Other metal-containing 
minerals, such as oxides, phosphates and sulfates of Pb, were also 
identified in MSWI bottom ashes and can occur in the analyzed ashes 
[83]. The Ba concentration decreased significantly after carbonation 
and was below the legal limit in all samples. A high pH enables the 
formation of BaCO3 from BaCl2 [84]. According to Librandi et al. [55], 
Ba is originally bound to Ca-silicates and is probably released from these 
phases together with Ca during carbonation, although this behavior was 
not directly confirmed in our study.

The leaching of Cr prior to hydration/carbonation is negatively 
correlated with the leaching of Ca, as shown in Figs. 5 and 6. The 
decreased Cr leaching may be related to the hydration/carbonation of 
CaO to CaCO3, but the continued leaching suggests that some Cr remains 
in compounds unaffected by hydration/carbonation or in newly formed 
soluble phases containing Cr (as described in Ref. [70]). The mobility of 
toxic metals in WFA depends on the properties of the ash [70]. During 
the hydration/carbonation processes, the leaching of the most toxic el
ements, including Cr, decreased; however, as shown in Fig. 6, the 
decrease is small in samples A1, A2 and A3. Oxyanions such as CrO4

2−

and MoO4
2− are mobile at high pH values [85], and especially in sample 

A2, where the pH decreases only slightly according to Fig. 4, the 
leaching concentrations of Cr and Mo did not change significantly. Due 
to the toxicity of Cr(VI), which is present in aqueous solutions in various 
forms at different pH values, more attention needs to be paid to leach
able Cr [86].

Sb leaching concentrations did not exceed limit values in any sam
ples, regardless of whether they were carbonated (Fig. 6). A slight in
crease after carbonation was observed in all samples except for sample 
A6. The dissolution of Ca antimonates (romeite) controls Sb leaching in 
the ash at pH 8–11. Since Ca is preferentially leached, Ca-rich structures 
become less soluble at higher pH values. The solubility of Sb depends on 
pH and Ca2+. Enforced carbonation can only reduce Sb leaching if a 
lower pH is achieved, which allows Sb to adsorb onto Fe and Al oxides. 
Adsorption on hydrous Fe oxides and not on amorphous Al minerals 
controls Sb leaching at pH < 9 in MSWI bottom ashes [87]. However, in 
the current ashes, Fe oxides were not identified (see Table 3), so such 
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adsorption may not occur, as indicated by the increase in Sb leaching in 
A1 and A6 with a pH in this range after carbonation (Fig. 6).

4. Conclusions

This study shows that carbonation reactions under semi-dry condi
tions can be completed within 14 days for different ash types, with CO2 
uptake largely dependent on the initial carbonation state of the mate
rials. Complete carbonation of samples before testing and the use of 
appropriate analytical techniques are key to obtaining consistent results. 
Wood fly ash, wood bottom ash and ash from co-combusted biomass 
showed remarkable CO2 sequestration capacities of 344.8 gCO2/kgash 
(A2), 432.3 gCO2/kgash (A3) and 380.3 gCO2/kgash (A4), which are 
comparable to or even exceed the values of some industrial slags. 
Carbonation efficiencies also reached high values for these samples: 
84.0 % (A2), 94.4 % (A3), and 82.4 % (A4).

Enforced carbonation increased CO2 uptake, lowered pH, and led to 
mineralogical changes that influenced leaching behavior. While the 
leaching of Zn, Ba, As and Pb decreased in all samples, the leaching of Cr 
and Mo increased in sample A6, which originates from the co- 
combustion of municipal waste and dehydrated sewage sludge. In 
wood ashes (A1-A3), Cr and Mo concentrations only slightly decreased 
and remain above the permissible limit for inert waste, while concen
trations of Sb slightly increased after carbonation but did not exceed 
limit values in any sample. Carbonation can promote the stabilization of 
bio-based ashes through partial immobilization of hazardous elements, 
but the continued leaching of certain metals shows that its overall 
environmental effectiveness remains limited and should be evaluated on 
a case-by-case basis.

Future studies should assess the long-term stability of carbonated ash 
and investigate its applications in construction materials (e.g., alkali- 
activated materials) or agriculture. Extending research to a wider 
range of ash types and mixed materials could reveal new opportunities 

for carbon sequestration; however, emphasis should also be placed on 
developing processes and technologies that enhance the immobilization 
of toxic metals.
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Fig. 6. Concentrations of PTEs derived from the leaching test (EN 12457–2:2002) performed on the original and carbonated ashes. Dotted lines highlight the 
permissible limits for inert waste in the Decree on waste landfilling [46].
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