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Introduction
Reducing carbon dioxide emissions by its capturing and safe storage in various forms,
including CO2 bound permanently in mineral raw materials and waste, belongs to the most
important problems of environmental protection. Different possibilities and places to store
carbon dioxide are constantly searched for.
Heat-generating mineral carbonation consists of permanent binding of CO2 applying
mineral raw materials or waste as a result of creating insoluble carbonates, which are neutral
for the environment.
Using waste for binding CO2 by means of mineral carbonation is more economically
justified than using mineral raw materials, as no expenses related to their extraction and processing are incurred. Waste which can potentially serve as material for CO2 sequestration is
often created by a big producer of CO2, which reduces the cost of transport and the additional
CO2 emissions related to it, and also restricts the negative effect of waste and carbon dioxide
on the natural environment.
Permanent binding of CO2 by mineral carbonation is not only a method of reducing its
anthropogenic emissions, but it can also be used as a way of decreasing the leaching of
pollutants from waste. In this way the solutions to two problems, which are important from
the ecological point of view, can be combined: the reduction of CO2 emissions by mineral
sequestration and waste processing aimed at decreasing the leaching of pollutants, which
allows for an easier storage, as well as the searching for new economic applications.
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CO2 should be bound in inorganic solid waste containing CaO and MgO forms which can
react with carbon dioxide (Huijgen, Comans 2005).
Mixtures of desulphurization products with fly ashes are examples of waste with a high
total content of CaO and a high content of free CaO, potentially a good material for CO2
sequestration.
The economic applications of mineral carbonation’s products are an important aspect of
its usage. In case of mixtures of fly ashes with desulphurization products these applications
can be the use of suspensions prepared on this base in mining technologies (Mazurkiewicz
et al. 2005; Uliasz-Bocheñczyk et al. 2004, 2006, 2007).

1. Description of waste used in the research
Research into the degree of carbonation was conducted in aqueous suspensions made of
ash and water mixtures with desulphurization products from the Siersza and £aziska power
plants.
Waste from the Siersza power plant is a mixture of fly ashes with products of desulphurization conducted by means of a spray dry absorption method based on the GEESI Anhydro
technology (Table 1).
Waste from the £aziska power plant is a mixture of fly ashes with products of desulphurization from a flue gas desulphurization system using a semi-dry method of the NID type
(Table 1).
TABLE 1
The total content of CaO and free CaO in the studiem waste [%] (Uliasz-Bocheñczyk et al. 2007)
TABELA 1
Zawartoœæ ca³kowitego CaO i wolnego CaO w badanych odpadach [%]
Content
Waste
CaO

free CaO

Siersza power plant waste

10.3

1.02

£aziska power plant waste

13.5

2.62

To describe accurately the studied waste the maximum theoretical capacity for CO2
binding was calculated using the Steinour equation (Fernandez Bertos et al. 2004):
CO2 (%) = 0.785(CaO – 0,7SO3) + 1.09Na2O + 0.93K2O

(1)

For waste from the Siersza power plant the equation assumes the following form:
CO2 (%) = 0.785(10.5 – 0.7 · 2.3) + 1.09 · 1.9 + 0.93 · 2.1

(2)
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and the maximum theoretical capacity to bind CO2 in these suspensions is 11.0%.
For waste from the £aziska power plant equation (1) is as follows:
CO2 (%) = 0.785(13.5 – 0.7 · 1.3) + 1.09 · 0.6 + 0.93 · 2.3

(3)

and the maximum theoretical capacity to bind CO2 in these suspensions is 12.7%.

2. The degree of carbonation
The process of introducing CO2 into the aqueous ash suspensions was conducted in
a system consisting of chambers, a logger (a registering tool), a gas cylinder and a regulator.
On closing the chambers tightly, the measuring and registering equipment was connected and
the inflow of CO2 was opened. The research was conducted in laboratory of Department
of Environmental Engineering and Mineral Processing of the Faculty of Mining and
Geoengineering at the AGH University of Science and Technology (Uliasz-Bocheñczyk et
al. 2007, 2009; Uliasz-Bocheñczyk 2009). It was carried out using suspensions whose waste
to water ratio was 1.5 (the suspension containing waste from the £aziska power plant)
and 1.2 (the suspension containing waste from the Siersza power plant).
The carbonation process took place in all the studied suspensions subjected to the effects
of carbon dioxide.
To estimate the effectiveness of CO2 binding in aqueous ash suspensions the content
of calcium carbonate was determined by means of a thermogravimetric method (TG)
(Table 2).
The increase of CaCO3 content in case of suspensions containing a mixture of fly
ashes with desulphurization products from the Siersza power plant was 2.39% after the
introduction of CO2 and in the case of suspensions containing a mixture of fly ashes with
desulphurization products from the £aziska power plant 4.8%.
TABLE 2
The content of calcite (% of mass) and the temperature range of mass loss related
to the decomposition of CaCO3 [°C]
TABELA 2
Zawartoœæ kalcytu (% mas.) oraz zakres temperatury ubytku masy zwi¹zany z rozk³adem CaCO3 [°C]
Suspension type
clean

Detailed list

subjected to CO2

temperature
range

CaCO3
content

temperature
range

CaCO3
content

Aqueous suspension of Siersza waste

645–850

2.27

720–850

4.66

Aqueous suspension of £aziska waste

725–850

2.77

625–850

7.57
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The degree of CO2 binding in the researched suspensions was calculated based on the
content of calcium carbonate created as a result of thermogravimetric research (Table 2)
using the following equation (Baciocchi i in. 2009):
Sk =

Z k CaCO3 - Z p CaCO3

(4)

100 - Z p CaCO3

where:
SK
– degree of carbonation [%],
Z p CaCO3 – content of CaCO3 in the sample before carbonation [%],
Z k CaCO3 – content of CaCO3 in the sample after carbonation [%].
The degree of carbonation calculated using the above-mentioned equation for suspensions containing mixtures of fly ashes with desulphurization products from the Siersza
power plant was 2.4% and for suspensions containing a mixture of fly ashes and desulphurization waste from the £aziska power plant 5.2%. The studied suspensions were additionally distinguished by a high level of CO2 binding in comparison e.g. to an aqueous
suspension of a mixture of fly ashes with desulphurization products from the Rybnik
power plant, which was calculated using the same equation (4) and was 0.43% (Uliasz-Bocheñczyk 2009).
Differential thermal analysis (DTA) research conducted at the same time made it possible
to determine the phase composition of clean suspensions and suspensions subjected to the
effects of CO2 (Fig. 1, 2).

Fig. 1. DTA curves for aqueous suspensions containing mixtures of fly ashes with desulphurization waste
from the Siersza power plant; clean suspensions and suspensions subjected to the effects of CO2
Rys. 1. Krzywe DTA zawiesin wodnych mieszanin popio³ów lotnych z odpadami z odsiarczania
z El. Siersza: czystych i poddanych dzia³aniu CO2
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The analysis of DTA curves for aqueous suspensions of mixtures of fly ashes and
desulphurisation waste from the Siersza power plant points to the presence of:
— C-S-H and ettringite (endothermic effects with a maximum in the temperature range:
109–130°C (Giergiczny 2006));
— hannebachite (hemihydrate calcium sulphate (IV) aCaSO3 · 1/2H2O) (endothermic
effect in a temperature of ca. 360°C (Zaremba et al. 2008));
— calcium carbonate (endothermic effects with a maximum in temperatures 745 and
758°C);
— organic substances (unburnt coal) (exothermic effects with a maximum in the temperature range 520–521°C).
DTA curves (Fig. 2) of aqueous suspensions containing mixtures of fly ashes and
desulphurization waste from the £aziska power plant show effects pointing to the presence of
ettringite and C-S-H (endothermic effects with a maximum in temperatures 90°C; 136°C and
140°C). The effect with a maximum in 90°C may point to the presence of ettringite (Prince
et al. 2003) which is not included in the curve of suspensions subjected to CO2. This shows
a lack of ettringite related to the carbonation process. The curves also include: endothermic
effect with a maximum in temperatures 740°C and 700°C related to the decomposition of
CaCO3, as well as an exothermic effect with a maximum in the temperature range 532–516°C
related to the presence of organic substances (unburnt coal) and a small endothermic effect
with a maximum in ca. 350°C related to the dehydration of hannebachite with the creation
of aCaSO3 (Zaremba et al. 2008).

Fig. 2. DTA curves for aqueous suspensions of fly ashes and desulphurization waste mixtures from
the £aziska power plant: clean and subjected to the effects of CO2
Rys. 2. Krzywe DTA zawiesin wodnych mieszanin popio³ów lotnych z odpadami z odsiarczania
z El. £aziska: czystych i poddanych dzia³aniu CO2
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3. Leachability
The chemical demand for oxygen (ChDO) in the analyzed solutions of aqueous extracts
was determined in accordance with the norm PN-74 C-04578/03. The content of chlorides
was determined using the Volhard method and the concentration of sulphates on the basis of
results obtained using inductively coupled plasma atomic emission spectroscopy (ICP AES).
To determine the concentration of arsenic, chromium, cadmium, copper, lead, nickel, zinc
and mercury the method of plasma emission spectroscopy was employed.
The results of research were compared with the acceptable limits of pollutant contents
set by the norm PN-G-11011 „Materials for paste backfill and for caulking abandoned
workings” (Table 3). This comparison was conducted because fly ashes are first of all
economically applied in mining.
Suspensions prepared using a mixture of fly ashes with desulphurization waste from the
Siersza power plant meet the requirements of the PN-G-11011 norm both clean and subjected
to CO2. Introducing CO2 to the discussed suspensions lowered their pH and resulted in an
TABLE 3
Pollutant leaching from the examined suspensions
TABELA 3
Wymywalnoœæ zanieczyszczeñ z badanych zawiesin

Type of chemical
pollutant
Elements/ions, [mg/dm3]:

clean

with CO2

clean

Acceptable
leaching
levels
PN-G-11011

with CO2

Zn

0.07900

0.01500

0.00440

0.02100

2.0

Cu

0.00025

0.00065

0.00086

0.00020

0.5

Pb

0.00002

0.00002

0.00016

0.00003

0.5

Ni

0.00060

0.00024

0.00047

0.00031

–

As

0.00900

0.00410

0.00260

0.00230

0.2

Hg

0.00089

0.00049

0.00091

0.00079

0.02

Cd

0.00034

0.00021

0.00018

0.00008

0.1

Cr

0.00260

0.00330

0.00270

0.00280

0.2

Cl– [mg/dm3]

44.3

SO42– [mg/dm3]
ChZT [mg O2
PH

Aqueous suspension containing Aqueous suspension containing
a mixture of fly ash with
a mixture of fly ash with
desulphurization waste from
desulphurization waste from
the Siersza power plant
the £aziska power plant

/dm3]

159.6

269

330

1 000.0

484.3

372.8

427

500.0

20.0

52.7

5.1

17.1

100.0

11.5

8.0

11.2

7.9

6.0–12.0

281
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increased leaching of ions of copper, chromium, chlorides and sulphates. Decreased leaching
was observed in the case of zinc, nickel, arsenic, mercury and cadmium. The leachability of
lead did not change.
In the case of suspensions containing £aziska waste, like in the case of suspensions of
Siersza waste, the observed leaching does not exceed the acceptable levels stated in the
PN-G-11011 norm. The process of carbonation of suspensions containing waste from the
£aziska power plant resulted in a decrease in zinc, copper, lead, arsenic and mercury leachability. pH was also reduced. The leachability of chromium, sulphates and chlorides increased.
The basic reaction of mineral carbonation taking place in the discussed suspensions:
Ca(OH)2 + CO2 ® CaCO3 + H2O

(5)

results in the lowering of pH and, consequently, a change in the solubility and leachability
of individual ions. Because of this, carbonation can cause a decrease in the leaching of
those elements, whose compounds dissolve better with a higher pH. For elements leaching
easily with a medium or low pH carbonation will result in an easier passage to the solution
(Astrup et al. 2006). Some factors influencing the decrease of leachability caused by
carbonation are: lowering of leachate pH, changes in the solubility caused by the precipitation of carbonates or the creation of oxygen anions, reduction in the release of selected
metals as a result of sorption in newly-created minerals and a reduction of porosity as a result
of the creation of calcite (Zhang et al. 2008).
The decrease in leachability of heavy metals, such as Cd, Zn, Mn, Co, Ni, Pb and Sr may
be caused by the sorption of the above-mentioned cations in the calcite, which leads to the
co-precipitation of solid solutions (Reeder 1996; Tesoriero, Pankow 1996; Wang et al.
2010). The reduction in the leachability of cadmium ions may also be a result of the creation
of CdCO3. In the case of nickel the decrease in leachability may be caused by substituting
the Ca2+ ions by the Ni2+ cation of C-S-H or by the creation of NiCO3 (Fernandez Bertos
et al. 2004).
An important factor reducing the leachability of zinc, chromium and lead is the immobilization of these ions by C-S-H (Ma³olepszy, Deja 1995; Deja 2002; Giergiczny, Król 2008).
The increase in chromium leachability observed in the research may be explained by the
oxidizing of Cr3+ ions to a better soluble form of Cr6+ ions (He et al. 2006) or by
the dissolution of ettringite, part of whose structure were the chromium ions. Chromium
integrated in ettringite passes into the solution as a result of a lower pH related to carbonation
(Van Gerven et al. 2005). Decomposition of ettringite under the influence of carbonation
results in a greater leachability of the sulphates in accordance with the following reaction
(Kurdowski 2010):
1 3 (CaO · Al2O3 · 3CaSO4 · 32H2O + CO2 ®
® CaCO3 + CaSO4 · 2H2O + 2 3 Al(OH)3 + 23 3 H2O

(6)
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Chromium may substitute Si in C-S-H. Its solubility increases with the lowering of pH and
the decrease in the average degree of polycondensation of oxygen-silicon anions in C-S-H.
The increase in Cu leachability may be caused by a higher solubility of copper compounds
caused by the lowering of pH or the decomposition of ettringite (Fernandez Bertos et al. 2004).
Research into the influence of CO2 on the leachability of the discussed elements in
a mixture of fly ashes with desulphurization products from the Rybnik power plant (Uliasz-Bocheñczyk 2009) demonstrated a decrease in the quantity of leaching zinc, copper,
nickel, arsenic, chlorides and a lowering of pH in comparison with the suspensions before
carbonation. On the other hand, on introducing CO2 to the suspensions an increase in the
leachability was observed for chromium, mercury, sulphates and the value of ChDO.
The levels of leachability of other elements (lead and cadmium) did not change.

Summary
Research into the degree of CO2 binding and the influence of mineral sequestration of
carbon dioxide on the leachability of pollutants (mainly heavy metals) was conducted on
aqueous suspensions prepared from a mixture of fly ashes with desulphurization products
from the power plants Siersza and £aziska.
An increase in the content of calcium carbonate was observed, which shows that
a reaction of mineral carbonation of the suspensions takes place.
The degree of CO2 binding in the discussed aqueous suspensions containing mixtures of
fly ashes and desulphurization products, determined on the basis of thermogravimetric
research, was 2.4% for suspensions of waste from the Siersza power plant and 5.2% for
suspensions from the £aziska power plant.
The suspensions researched were distinguished by the presence of phase C-S-H, which
may immobilize some heavy metals.
A decrease in the leachability of a number of heavy metals is probably caused by the
creation of sparingly soluble carbonates, the immobilization of heavy metals in C-S-H or
the adsorption and the co-precipitation of heavy metals as a result of creating solid solutions
with calcite.
A very important feature of mineral sequestration of CO2 is the possibility of using the
products of the process in the economy. The researched suspensions subjected to the effects
of CO2 meet the requirements of PN-G-11011 containing the acceptable levels of leachability of chemical pollutants and the values of pH and ChDO for materials used in underground mining, which allows for their usage in mining technologies.
Thermogravimetric research and differential thermal analysis (DTA) were conducted by Prof. Irena Wac³awska.
Research into the leachability of pollutants and the values of pH and ChDO was conducted in the Department of
Building Materials Technology of the Faculty of Materials Science and Ceramics at the AGH University of Science
and Technology.
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MINERALNA SEKWESTRACJA CO2 W ZAWIESINACH MIESZANIN POPIO£ÓW LOTNYCH
Z ODPADAMI Z ODSIARCZANIA

S³owa kluczowe
Popio³y lotne, produkty odsiarczania, ditlenek wêgla, wymywalnoœæ zanieczyszczeñ, mineralna sekwestracja
Streszczenie
Mineralna sekwestracja CO2 w zawiesinach odpadowo-wodnych jest metod¹, która pozwala na równoczesne
gospodarcze wykorzystanie odpadów oraz redukcjê antropogenicznej emisji ditlenku wêgla. Mo¿e byæ równie¿
stosowana jako metoda obróbki odpadów, ograniczaj¹ca wymywalnoœæ z nich niektórych zanieczyszczeñ. Badania przeprowadzono na dwóch rodzajach zawiesin wodnych mieszanin popio³ów z produktami odsiarczania
z El. Siersza i El. £aziska. Obliczono teoretyczn¹ pojemnoœæ zwi¹zania tych mieszanin. Przedstawiono wyniki
badañ zwi¹zania CO2 w zawiesinach wodnych mieszanin popio³ów lotnych z odpadami z odsiarczania oraz
wp³ywu poddania ich dzia³aniu ditlenku wêgla na wymywalnoœæ zanieczyszczeñ. Na podstawie badañ termograwimetrycznych obliczono stopieñ zwi¹zania CO2 w analizowanych zawiesinach. Badania wykaza³y wp³yw
mineralnej karbonatyzacji na redukcjê wymywalnoœci okreœlonych zanieczyszczeñ z omawianych zawiesin poddanych dzia³aniu CO2.

MINERAL SEQUESTRATION OF CO2 IN SUSPENSIONS CONTAINING MIXTURES OF FLY ASHES
AND DESULPHURIZATION WASTE

Key words
Fly ashes, desulphurization products, carbon dioxide, pollutant leaching, mineral sequestration
Abstract
Mineral sequestration of CO2 in wastewater suspensions is a method which allows both for economic
applications of waste and for the reduction of anthropogenic emissions of carbon dioxide at the same time. It can
also be used as a method of waste processing which decreases the leaching of some pollutants. The research was
conducted using two kinds of aqueous suspensions of fly ashes and desulphurization waste mixtures from the
Siersza and £aziska power plants. A theoretical binding capacity of the mixtures was calculated. The results of
research into CO2 binding in aqueous solutions of fly ashes and desulphurization waste mixtures and into the
influence of subjecting them to the effects of carbon dioxide on the leachability of pollutants were presented. Based
on thermogravimetric research the degree of CO2 binding in the analyzed suspensions was calculated. The research
showed an influence of mineral carbonation on the decrease in certain pollutants’ leaching from the discussed
suspensions subjected to the effects of CO2.

