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Abstract

The experimental study of artificial carbonatization parameters — temperature, pressure and
duration of the reaction of CO, with the captured fly ash, being an alkaline residue after the
combustion of the black (hard) coal in the thermal power plant, has contributed to stabilization of
the piled fly ash, forming calcite and aragonite as the main results of its artificial carbonatization.
The liquid mixture (H,O + CO,) most effectively reacted with the fly ash at the temperature 22 °C
and pressure 5 MPa. The optimal duration of reaction was 2 hours.

The results of experimental study show that components of the fly ash caught by electrostatic
separators can be forced to react with CO, and to form new carbonates based on CaCQOj. During
carbonatization process the anhydrite and Ca-rich amorphous phase as the fly ash components
were changed to calcite and bassanite. By this way formed carbonates can stabilize the fly ash and
to minimize an environmental risk of the waste dumps. Because no additional heat input for the
reaction is required, it supports the industrial application of this quick and less energy demanding
process of the CO, bonding on Ca-rich components of the fly ash. The artificial carbonatization
contributes to lowering of the amount of both environmental loads — CO, and caught fly ash
simultaneously, producing stable carbonates inside the dust. The newly formed carbonates are
environmentally friendly and eventually can be further used in the industry, substituting natural
ones. Moreover, the necessary amount of CO, for the artificial carbonatization can be obtained
from the industrial process, producing gas emissions.
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environmental protection

Introduction

Up to 60 % of the CO, emissions are produced by the
large stationary sources like the heating and power plants,
iron and steel plants, refineries and further industrial
facilities. Coal is the world’s most abundant and widely
used fossil fuel, supplying over one third of the world’s
electricity and 23 % of the global primary energy needs
(Santosh et al., 2009). It is known that app. 1 kg of CO,
gets emitted into the environment after the generation of
1 kWh of electrical energy from the coal thermal power
plants (Chel, 2009). Besides the gas exhalates containing
5 —15vol.% of CO,, the heating and power plants produce
the dumps of fly ash as an additional environmental load.

The environmentally friendly stabilization and/or
liquidation of the fly ash as an alkaline residue after the
coal combustion is a world-wide problem, too. Being used
in the minor amount in the industry of building materials,
in road building and geotechnics (Uliasz-Bochenczyk
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and Mokrzycki, 2006; Uliasz-Bochenczyk and Piotrowski,
2009; Uliasz-Bochenczyk and Cempa, 2010), it mostly
requires further processing. Especially, the fly ash with
a high-unburned-carbon content represents an increasing
problem in quantities produced by the thermal power
plants, since it cannot be marketed as a cement extender
and, therefore, has to be disposed (Maroto-Valer et al.,
2008). The direct further utilization of the fly ash deposited
on the dumps is not possible, because its particular types
differ by the chemical and mineralogical composition,
grain-size, as well as the amount of combustible carbon.
Another negative factor of the deposited fly ash is the
harmful leachability of the chemical impurities present in
the fly ash dumps, e.g. Zn, Cu, Pb, Ni, As, Hg, Cd, Cr, P, CI,
S, SO, from the ash-aqueous suspensions being formed
by the rainfalls (I.c.; Uliasz-Bochenczyk, 2010).

Our research aimed to reveal the optimum reaction
parameters for the CO, most effective reaction with the
fly ash produced in the energetic-heating industry, being
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Fig. 1. a—The sample P of the fly ash produced during the black coal combustion and being caught from the fume gases by the electrostatic
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separator. b — Carbonate product P6 produced by the carbonatization and crystallization from the filtrate of the sample P. In both cases

the numbered scale is in cm.

captured by an electrostatic separator and deposited
on the dumps. The tested fly ash is characterized by
the precisely determined mineralogical, chemical and
grain-size parameters (Tabs. 1 and 2). By this way both
environmental loads would be minimized simultaneously
resulting in the origin of the stable carbonates with fixed
bound of CO, in their lattice.

The carbonatization of silicates in natural conditions
is very slow process, and its acceleration requires
technological optimizing of principal parameters affecting
the reactivity of mineral compounds with CO,. Following
the request of the European Union, until the year 2020 the
industrial plants will be obliged to lower their CO, emissions
by 20 % in comparison to the state in 1990. The optimized
methodology, being presented in this article, could be
applied for projecting of the technological schemes and
realization projects in the model and industrial scales.

Experimental research

The rate of the CO, bonding into appropriate substances
and formation of the stable products is dependenton mineral
and chemical composition of input medium, on activity
of its components and purity of CO,. The next important
influencing factors are the granularity and porosity of
reacting substances, the activity of their specific surface,
the mutual ratio of the solid, liquid and gaseous phases,
temperature, CO, pressure and the duration of reaction.
The conversion is supported by the primary mechanical,
thermal, chemical, or physical activation of entering
compounds, the pH value of the reacting environment
and types of applied agents (additives, reagents,
etc.). Regarding the density, resp. viscosity of reacting
suspension, the static or dynamic reaction conditions can
be alternatively applied. Therefore optimizing of the reaction
parameters consisted of identification methods of the
input sample and output products and the reactions in the
laboratory high pressure reactor at various combinations
of the temperature/pressure/time parameters.

The dry fly ash sample P (Fig. 1a) in a total weight 15 kg
was taken from the separating device of the fume gases.
Despite a low content of CaO in the input sample (1.59
wt.%), being accompanied with the MgO (0.60 wt.%) and
FeO (0.58 wt.%), the input sample P was used in reactions
in its primary state, i.e. without any further modification or
activation — either mechanic, or chemical (cf. Zhang et al.,
2004; Arenillas et al., 2005; Lee and Jo, 2008; Majchrzak-
-Kuceba and Nowak, 2009; Olivares-Marin et al., 2010),
or thermal modification (cf. Maroto-Valer et al., 2008). The
chemical composition (wt.%) of the primary sample, as
well as its grain-composition were determined using 10
sieves (2, 1, 0.5, 0.315, 0.2, 0.1, 0.071, 0.063, 0.045 and
0.02 mm).

The laboratory testing and optimizing of the CO,
reaction with captured fly ash was done by means of the
high pressure reactor PARR 4540 at combinations of three
CO, pressures (2.5; 5.0 and 7.5 MPa), three temperatures
of the reacting environment (22, 35 and 50 °C) and four
reaction times (1, 2, 3 and 6 hours). Into the reactor the
water suspension of the fly ash with concentration 152 g - I
was inputted. The dynamic conditions of the reactions of
Ca, Mg, resp. Fe components with CO, in suspensions
were provided by its continual stirring at 300 rpm.

The output products of the CO, carbonatization from
the high-pressure reactor were tested undivided, as well as
divided by the filtration to filtration cakes and filtrates and
both compounds were dried at 200 °C.

The input sample, as well as the output products after
carbonation, filtration and crystallization were identified
by chemical, X-ray and microprobe analyses, targeted
on bonding parameters of CO, in the originated solid
products. Experimental works with the high pressure
reactor and all laboratory procedures were performed in
the State Geological Institute of Dionyz Star (SGUDS),
laboratories of the Applied Technology of Raw Minerals
(ATNS) in KoSice. Chemical analyses were performed
in the SGUDS — Geoanalytical Laboratories (GAL) in
Spisska Nova Ves. The content of CO, was determined
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Fig. 2. a — The input fly ash sample P contains the relics of the silicate melt of spheroidal shape, as well as relics of apatite and carbon
(C). Elements in the melt relics or in amorphous phases, e.g. Ti-Si-Al are ordered according to the decreasing amount of oxides TiO,-SiO,-
-Al,05 reaching more than 10 wt.%. b and ¢ — Unreacted relics of the solidified melt — amorphous phases of various chemical composition
and the position of carbon-relicts after artificial carbonatization in the filtration cake — contain amorphous phase, e.g. Fe = Si + Al-Mg-Ca.
Contents e.g. Al-Mg-Ca are ordered according to the lowered amounts of present elements. The CaO-rich amorphous phase is corroded by
the mixture of H,O and CO, and the deliberated Ca from the corroded rim enters to the solution and it is the base cation for crystallization
of CaCO; according to reaction (1). MgCal — Mg-rich calcite and bassanite are product of artifical carbonatization and were caught in the
filtration cake — sample P5. d — Mg calcite and bassanite as the products of the artificial carbonatization in the sample of precipitate P6.

Backscattered electron images.

by the high temperature oxidation and manometry, CaO
and MgO were determined by the X-ray fluorescence
spectroscopy and FeO volumetric analysis, and the loss by
ignition by the gravimetric method. For the computerized
X-ray diffraction analyses done in the SGUDS — ATNS
laboratories the facility DRON — UM 1 with the detection
sensitivity of ca 3 % was used at following conditions:
radiation CoK,, Fe-filter, accelerating voltage 30 kV,
current intensity 20 mA, time constant T — 2, apertures
2 -2 and 1-0.25, shift of the goniometer arm 2°/min. The
semiquantitative and quantitative mineral compositions
in the primary sample and carbonation products were
determined by the combination of X-ray diffraction
using a method of outer standard and mineralogical
recomputation from the chemical analyses.

The carbonation products and unreacted residues (filter
cakes) were studied by means of the optical microscope and
the microprobe Cameca SX 100 in the SGUDS Bratislava.
The standards used: Ca — wollastonite, Mn — rodonite, Na —
albite, K — orthoclase, Cr — chromite. Synthetic compounds
were used for determining of Ti, Al, Fe, Mg and BaF, for
determining of F. The analytic parameters were 15 kV and
the beam intensity 5 nA when analysing the carbonates
or 20 nA at analysis of silicates and amorphous phases.
Analysed area of silicates in the diameter 1 — 7 pm changed
in the dependence on the size of mineral or investigated
object in thin section. Acid carbonates and carbonates were
analysed at 7 — 20 pym. The sensing time for one element
was 10 s or 25 s for F. Detection limit for particular elements
was lower than 0.05 wt.%, with error +1-sigma.
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Results and discussion
Input sample of the fly ash

The fine-grained fly ash (sample P; Fig. 1a) before
artificial carbonation contained 98.3 vol.% of amorphous
phase, carbon and minor content of apatite and anhydrite.
The maximum calcite-aragonite content was 1.7 wt.%. The
amorphous phase of the silicate melt had an oval shape
and enclosed relics of carbon, being present also in the
matrix of the input sample together with the apatite (Fig.
2a). The spheroidal amorphous silicates in the fly ash
indicate the quick cooling of the melt in the fume flying
from the combustion chamber towards the electrostatic
separators. The amorphous phases have variable contents
of SiO, (wt.%), Al,O5, CaO, FeO, MgO, K,0, TiO, and
their chemical composition (p.f.u.) varies among Si-Al-Ca,
Si-Al-Ti and Ti-Si-Al. The content of (OH)~ or H,O in
amorphous phases ranges from 1.94 wt.% to 3.89 %.

The chemical and mineral composition of the input
captured fly ash sample P are in Tab. 1 and its wet grain-
-size analysis is in Tab. 2. The very fine-grained sample
consists of the prevailing amorphous alumosilicate, silicate
and organic phases (in total 98.3 wt.%). The grain-size
beneath 1 mm was very high (more than 99.97 %), and
even beneath 0.02 mm it reached nearly 50 % (48.35 %).
Input pH of the fly ash suspension was 7.0. The precise
knowledge of mineralogical, chemical and grain-size
parameters of the captured fly ash represents an important
input information (Tabs. 1 and 2).

Experimental study and optimizing of the parameters
for the carbonate origin by the reaction of captured
fly ash with CO,

The technological parameters of the laboratory tests of
CO, carbonatization by means of the fly ash sample P (Fig.

Tab. 1
Chemical and mineral composition of the input sample
of the fly ash P

Chemical composition (wt.%)

SiO, 29.90
CaO 1.59
MgO 0.60
FeO 0.58
CO, 0.76
Al,Og 13.30
Fe 0, 5.84
SO, -

Loss by ignition 46.00
TC 44.40
TOC 44.20

Mineral composition (wt.%)

calcite + aragonite 1.70
Amorphous phase 98.30
quartz +
mullite +

1a) are in Tabs. 3 — 7, which unambiguously prove the origin
of new carbonate minerals — prevailingly calcite + aragonite
(Fig. 1b) from the filtrates, having the carbonate purity in
the range from 43.9 to 56.6 wt.% CaCOj. The increase
of the weight yields of precipitated products in relation
to input sample was in the range from 0.54 to 0.92 %.
To demonstrate the origin of carbonates during the first six
tests (P1, P4, P7, P10, P13 and P16), the filtration cakes
and the precipitates were analysed separately (Tab. 4).
Further reactions (P19-P48; Tabs. 3 and 5 — 7) aimed to
optimize parameters of the most effective carbonation, and
therefore only the undivided products of the reactions at
alternating three different temperatures 22, 35 and 50 °C,
three different pressure conditions 2.5, 5.0 and 7.5 MPa
and 1, 2, 3 and 6 hours durations of reactions were
analysed. The qualitative mineral compositions of the fly
ash sample and its carbonatized products confirmed by
the X-ray diffraction analysis are presented in Tabs. 5 — 7.

The new calcite with the content of MgCO3; molecule
has originated from the Ca and Mg cations, being
deliberated into suspension from the amorphous phase
containing CaO and MgO. The bassanite represents
a coexisting and accompanying newly crystallized mineral
with calcite. Comparing the input CO, balance of 0.76 wt.%
in the sample P, and the CO, contents in the newly formed
carbonatic precipitates min. 19.3 and max. 24.9 wt.%
(products of the reactions P6 and P9), the CO, is bound
(liquidated) in the newly-originated carbonates by 18.54 to
24.14 wt.%, depending on the reaction conditions.

The testing done at laboratory temperature 22 °C in
the solution H,O + CO, in the above stated alternating
pressure and time parameters is presented in Tabs. 4 and
5. The amorphous phases in the input sample P and the
amorphous phases of the sample P5 in the diagram Si+Ti
vs. Fe(total)+S+Ca+K+Na+Mn+P+Al indicate a direct
substitution trend with an immiscibility gap (Fig. 3). The
immiscibility gap in the glass or in a solid solution indicates
that there originated a phase with a pseudoordered crystal-
line lattice (Figs. 2a — ¢ and 3). The relics of amorphous
phases were distinguished in two modes: not hydrated
and hydrated (Tab. 8). In the case of hydrated amorphous

Tab. 2
The wet grain-size analysis of the fly ash sample P

Grain size (mm) Weight yield (%)

Classes Total residue Through
on the sieve the sieve
1.0-2.0 0.03 0.03 99.97
0.5-1.0 0.12 0.15 99.85
0.315-0.5 0.03 0.18 99.82
0.2-0.315 1.73 1.91 98.09
0.1-0.2 20.86 22.77 77.23
0.071-0.1 11.25 34.02 65.98
0.063 — 0.071 3.49 37.51 62.49
0.045-0.063 5.82 43.33 56.67
0.02 - 0.045 8.32 51.65 48.35
-0.02 48.35 - -

Total 100.00 - -
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Tab. 3
Qualitative mineral compositions of the fly ash sample and its carbonatized products found by the X-ray diffraction analyses

Sample Product Mineral composition (wt.%)

P Input Amorphous phase, quartz, mullite?

P1 Undivided product Amorphous phase, quartz, maghemite?

P2 Filtration cake of P1 Amorphous phase, quartz, maghemite, mullite?
P3 Precipitate of P1 Calcite, siderite?, amorphous phase

P4 Undivided product Amorphous phase, quartz, maghemite

P5 Filtration cake of P4 Amorphous phase, quartz, maghemite

P6 Precipitate of P4 Calcite, bassanite, amorphous phase

P7 Undivided product Amorphous phase, quartz, maghemite

P8 Filtration cake of P7 Amorphous phase, quartz

P9 Precipitated of P7 Calcite, aragonite, bassanite

P10 Undivided product Amorphous phase, quartz, mullite, maghemite
P11 Filtration cake of P10 Amorphous phase, quartz, maghemite, mullite?
P12 Precipitate of P10 Calcite, bassanite

P13 Undivided product Amorphous phase, quartz, maghemite

P14 Filtration cake of P13 Amorphous phase, quartz, maghemite

P15 Precipitate of P13 Calcite, bassanite

P16 Undivided product Amorphous phase, maghemite

P17 Filtration cake of P16 Amorphous phase, quartz, maghemite

P18 Precipitate of P16 Calcite, aragonite, bassanite

P19 Undivided product Calcite, amorphous phase, quartz, maghemite
P20-P21 Undivided products Amorphous phase, quartz, maghemite

P22 Undivided product Amorphous phase

P23 Undivided product Amorphous phase, quartz, maghemite

P24 Undivided product Amorphous phase, quartz, mullite, maghemite
P25 Undivided product Amorphous phase, quartz, maghemite

P26 Undivided product Amorphous phase, quartz, mullite, hematite, maghemite
P27 Undivided product Amorphous phase, quartz, mullite, maghemite
P28 Undivided product Amorphous phase, quartz, mullite, hematite, maghemite
P29 Undivided product Amorphous phase, quartz, mullite, maghemite
P30 Undivided product Amorphous phase, quartz, mullite, maghemite
P31 Undivided product Amorphous phase, quartz, mullite

P32-P37 Undivided products Amorphous phase, quartz, mullite, maghemite
P38 Undivided product Amorphous phase

P39 Undivided product Amorphous phase, quartz, mullite, maghemite
P40 Undivided product Amorphous phase, quartz

P41 Undivided product Amorphous phase, quartz, mullite, maghemite
P42-P43 Undivided products Amorphous phase, quartz, maghemite
P44-P45 Undivided products Amorphous phase, quartz, hematite?, maghemite
P46 Undivided product Amorphous phase, quartz, maghemite

P47 Undivided product Amorphous phase, quartz, hematite, maghemite
P48 Undivided product Amorphous phase, quartz, maghemite

Amorphous phase is formed by Si-Al-... (silicate phase) and Si (quartzy phase)

phase the content of chemically bound water and/or in
OH- group was in the range from 2.06 to 2.41 wt.%
(amount of water was estimated as 100 — total in Tab. 8,
corresponding to the water content or OH groups in the
input sample of the fly ash P (from 1.94 wt.% to 3.89 %).
The product of an artificial carbonatization of the
fly ash (P6; Fig. 1b) consists of a mixture of calcite
containing MgCO; molecule and bassanite (Figs. 4,
2c — d). Allotriomorphic grains of Mg calcite are rimmed

by bassanite, showing that Mg calcite has crystallized
before the bassanite (Fig. 2d). The relation of Mg calcite
and bassanite indicates that the crystallization of these
minerals has progresses in two stages. Firstly the Mg
calcite has crystallized, which Ca and Mg cations were
deliberated into the suspension from the amorphous
phase with CaO and MgO contents. Later bassanite
has continually crystallized, probably originating by the
hydratation of anhydrite according to reaction:

5 MPa, 22 °C, 1 hour

CaS0O, + CaO + H,O + CO,
Anhydrite  Component
in amorphous
phase

====>

CaCO; + CaSO, - H,0O (1)
Calcite  Bassanite
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Tab.7
Laboratory tests of CO, reaction with the fly ash sample at temperature 50 °C and CO, pressures 2.5, 5.0 and 7.5 MPa and duration of reactions 1, 2, 3 and 6 hours
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Tab. 9
Representative analyses of newly formed Mg-calcite
in the precipitate P6

amorphous phase (alumosilicate type), Si amorphous phase (silicate) and organic amorphous phase (TOC). In the input sample P we

have further analysed: 29.9 % SiO,; 13.3 % Al,O3; 5.84 % Fe,O3 o ; 44.4 % TC (total carbon) and 44.2 % TOC (total organic carbon). + accessoric content of mineral phases. Samples
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Data in Tab. 4 confirm that the carbonation of the
fly ash sample with subsequent precipitation from the
filtrates unambiguously leads to origin of CaCO; (calcite
+ aragonite). In the filtration cakes and in undivided
products of the carbonation also quartz, mullite, hematite
and maghemite occurred in small quantities. The X-ray
analysis did not identify the calcite (+aragonite) in the
undivided products because they occur in the accessoric to
subsidiary amounts, but chemical analyses have confirmed
their presence by the determined contents of CO.,.

At the temperature 22 °C, the highest gain of the weight
yield of undivided product +0.70 % was obtained with the
CaCO; content 9.8 % and the increase of the CO, bonding
in comparison with the input state by 3.56 % at pressure
5 MPa and duration of the reaction 2 hours (test P13;
Tab. 5).

At temperature 35 °C, pressure 5 MPa and the duration
of the process 3 hours the increment of the weight yield of
undivided product +0.58 % was reached with the CaCO;,
content 11.0 % and the increment of the CO, composition
in comparison with the input by 4.10 % (test P32; Tab. 6).

At 50 °C and pressure 5 MPa and 6 hours reaction
there was reached the highest weight yield of the undivided
product (+0.44 %) with CaCO; content 8.6 % and the
increase of the CO, in the lattice of newly formed minerals
in comparison with the input by 3.03 % (test P47; Tab. 7).

The above stated results indicate that the debugged
parameters of the CO, reactions with the fly ash P are close
and comparable. Therefore the best parameters of the
laboratory tests of undivided products are the CO, pressure
5 MPa in the duration of reaction 2 hours at laboratory
temperature 22 °C (test P13), indicating that no heating
of the reaction mixture is necessary. Moreover, there was
found that an increase of the reaction temperature (22 °C
— 35 °C — 50 °C) has a negative effect, because lowers
the weight yields (0.70 % — 0.58 % — 0.44 %), and there
is also a paradox that the prolongation of the reaction time
of CO, in the suspension (2 — 3 — 6 hours) also decreases
the weight yield. An increase of the temperature and the
prolongation of the reaction probably cause the transition
of a part of CO, from the liquid phase back to gaseous
phase, which diminishes its reactivity in comparison with
the reactivity of the liquid system H,O + CO.,.

Conclusion

The laboratory optimizing of the CO, reaction
parameters using the fly ash sample taken from the
electrostatic separation device of the flue gases after
the combustion of the black (hard) coal in the energetic
industry with precisely determined mineralogical, chemical
and grain-size parameters has demonstrated that the
maximum weight yield of the newly originated carbonates
calcite and aragonite (+0.70 % at CaCO4 content 9.8 wt.%)
is at the reaction temperature 22 °C, pressure 5 MPa and
2 hours duration of the reaction. It supports the industrial
application of this methodology, because it is quick and
less energetically demanding than supposed before — no
additional heat input for the reaction is necessary. The
application of the pressures 5 MPa allows the use of the
industrial steel reactors.

The main advantage of the reaction of CO, with the
appropriate components of the fly ash allows a solid
bonding of CO, in the structures of newly formed
carbonates, which are stable and do not have any negative
impact on the nature and living environment. By this way,
the methodology contributes to simultaneous lowering
of the both harmful products after the combustion of the
black (hard) coal — CO, and the captured fly ash as an
alkaline residue after the combustion.

The artificial carbonatization stabilizes the fly ash
owing to CO, + H,O dissolving the anhydrite as well as
unstable CaO-rich amorphous phase (reaction 1) and
forming the stable bassanite and calcite. The efficiency
of the carbonatization is directly related to the occurrence
and amount of CaO-rich amorphous phase in the fly ash.
Moreover, the effectivity of carbonatization depends on the
bonding of sulphur and the amount of anhydrite in the fly
ash respectively. The artificial carbonatization effectivity
and/or stabilization of the fly ash used in our study are low,
but significantly confirm this process. Because only 3 vol.%
of anhydrite and CaO-rich amorphous phase were present
in the fly ash, the reaction with H,O + CO, has produced
the limited amount of new bassanite and calcite. The
artificial carbonatization effectively stabilizes the dumps of
caught fly ash by the fact that the possibility of the reaction
it components with the acid rains is lowered.

Tab. 10
Summary of the optimum parameters and obtained results
of the CO, reaction with the sample of fly ash P

Conditions: Designation Gain weight yield CO, content Calcite + aragonite content
p (MPa) Product of the product (%) (wt.%) (wt.%) pH
t(°C)
T (hour)

- Input P - 0.76 1.7 7
5;22;1; Precipitated P6 +0.92 19.3 43.9 7-8
5;22;1; Filtration cake P5 - 3.39 77 7-8
5;22;2; Undivided P13 +0.70 4.32 9.8 7-8
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Stabilizacia emisii popolceka po spalovani ¢ierneho uhlia jeho reakciou
s H,0 a CO,: Optimalizacia teplotno-tlakovych parametrov
a dlzky trvania umelej karbonatizacie

Uvod

Priblizne 60 % emisii CO, pochadza z velkych stacionarnych
zdrojov, ako su teplarne, elektrarne, oceliarne, rafinérie a iné
priemyselné zavody. Uhlie je najCastejSie pouzivané fosilne palivo,
jeho spalovanim sa vygeneruje viac ako jedna tretina svetovej
produkcie elektrickej energie a pokryva sa 23 % celosvetovych
energetickych potrieb (Santosh et al., 2009). Znama je skutoc¢nost,
ze spalovanim uhlia v tepelnych elektrarnach sa pri vyrobe 1 kWh
elektrickej energie vyprodukuje priblizne 1 kg CO, (Chel, 2009).
Popri plynnych exhalatoch s 5 — 15 obj. % CO, tepelné elektrarne
produkuju dal$iu environmentalnu zataz v podobe hald popoléeka
po spalovanifosilnych paliv. Vyuzitie alebo likvidacia popol¢eka ako
alkalického rezidua po spalovani uhlia je celosvetovym problémom
predovSetkym pre vysoky obsah nespaleného uhlika. Univerzalna
schéma vyuzitia popol€eka nie je vytvoritelna, lebo jednotlivé
jeho typy sa lisia chemicko-mineralogickym zlozenim, zrnitostou
a tiez mnozstvom spalitelného uhlika. Dal§im negativnym faktorom
je uvoliovanie chemickych prvkov z hald dazdovymi zrazkami,
¢im sa poskodzuje zivotné prostredie (napr. Zn, Cu, Pb, Ni, As,
Hg, Cd, Cr, P, Cl, S, SO,2-; Uliasz-Bochenczyk, 2010). V zmysle
poziadavky Eurépskej komisie podniky budd musiet nevyhnutne
znizovat emisie CO,, a to 0 20 % v roku 2020 v porovnani so
stavom v roku 1990.

V prirodnych podmienkach je karbonatizacia silikatov velmi
pomaly proces a jeho akcelerovanie si vyzaduje optimalizaciu
technologickych parametrov ovplyviujucich reaktivitu mineralnych
zloziek s CO,. Cielom vyskumu bola optimalizacia v pripade
reakcie CO, s popoléekom z energeticko-teplarenského priemysiu,
ktory bol zachyteny v elektrostatickych separatoroch a uskladneny
na haldach. Laboratérne optimalizovani metodiku prezentovanu
v ¢lanku bude mozné aplikovat pri navrhoch technologickych
schém a realizaénych projektov v modelovom, poloprevadzkovom
a prevadzkovom meradle.

Metodika rieSenia

Rychlost naviazania CO, do vhodnych substancii a vytvaranie
konecnych stabilnych produktov su zavislé od mineralneho
a chemického zlozenia vstupnych materidlov, od aktivity ich
zloziek a Cistoty plynu z hladiska CO,. Délezitymi faktormi su
dalej skupenstvo, zrnitost, pérovitost sekvestraénych substancii
a aktivita merného povrchu, vzajomny pomer tuhej, kvapalnej
a plynnej fazy, teplota, tlak CO, a dizka reakcie.

Vzorka popoléeka P (obr. 1a) s hmotnostou 15 kg bola
odobrata z elektrostatického separatora kominovych plynov.
Napriek nizkemu obsahu reakénych komponentov vo vstupnej
vzorke (CaO 1,59 hm. %, MgO 0,60 hm. %, a FeO 0,58 hm. %)
sme ju pouzili v primarnom stave, t. j. bez jej termickej modifikacie
alebo mechanickej ¢i chemickej aktivacie. Pred reakciou sme
urcili chemické zloZenie vstupnej vzorky (hm. %) a jej zrnitostné
zlozenie s vyuzitim 10 sit (2; 1; 0,5; 0,315; 0,2; 0,1; 0,071; 0,063;
0,045 a 0,02 mm).

Laboratérne skusky a optimalizacia reakcie CO, s popoléekom
sa realizovali v laboratérnom vysokotlakovom reaktore PARR
4540 pri kombin&ciach troch tlakov CO; (2,5; 5,0 a 7,5 MPa), troch
teplét (22, 35 a 50 °C) a Styroch dlzok reakcii (1, 2, 3 a 6 hodin).
Vstup do reaktora pozostaval z vodnej suspenzie popoléeka
s koncentraciou 152 g-I-". Kontinudlne mieSanie reakénej zmesi
pri 300 ot./min. zabezpeovalo dynamické podmienky reakcie.
Vystupné produkty reakcie karbonatizacie CO, boli z reaktora
odobraté nedelené, resp. oddelené filtraciou na filtraéné kolace
a filtraty a nasledne vysus$ené pri teplote 200 °C.

Vstupné vzorky a vystupné produkty po karbonatizacii, filtracii
a krystalizacii boli identifikované chemickymi a rtg. analyzami.
Mikrosondovymi analyzami sa skumal spdsob viazania sa CO,
v tuhych produktoch. Experimenty vo vysokotlakovom reaktore
a vdetky laboratérne procedury a rtg. difrakéné rozbory (DRON
— UM 1; citlivost detekcie cca 3 %) boli realizované v Statnom
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geologickom Ustave Dionyza Stira (SGUDS) — oddelenie
aplikovanej technolégie nerastnych surovin (ATNS) v KoSiciach.
Chemické analyzy zrealizovali Geoanalytické laboratoria
SGUDS v SpiSskej Novej Vsi: Obsah CO, bol uréeny metédou
vysokoteplotnej oxidacie amanometrie, CaO a MgO boli stanovené
rontgenofluorescenénou spektroskopiou, FeO odmernou analyzou
a strata zihanim gravimetrickou metédou.

Produkty karbonatizacie a nezreagovanych zvyskov po
odfiltrovani (filtracné kolace) boli studované optickym mikroskopom
a elektrénovou mikrosondou Cameca SX 100 v SGUDS v Brati-
slave. Analytické parametre merania boli pri 15 kV a intenzite
lt¢a 5 nA pri analyzach kyslych karbonatov a karbonatov a 20 nA
pri analyzach silikatov a amorfnych faz. Analyzovana plocha
silikatov s priemerom okna 1 — 7 um sa menila podla velkosti
mineralu alebo objektu vo vybruse. Kyslé karbonaty a karbonaty
sa analyzovali oknom 7 — 20 um. Cas snimania jedného prvku bol
10 s alebo 25 s pre F. Detekény limit pre jednotlivé prvky bol mensi
nez 0,05 hm. %, s chybou +1-sigma.

Ziskané vysledky a diskusia
Vstupna vzorka popolceka

Testovany popoléek vzorky P je presne charakterizovany
svojimi mineralogickymi, chemickymi a zrnitostnymi parametrami
(tab. 1 a 2). Pritomnost ¢astic popol¢eka velkosti pod 1 mm bola
dominujuca (viac ako 99,97 %), ba dokonca aj v triede pod
0,02 mm dosahovala 48,35 %. Vstupné pH suspenzie bolo 7.
Vstupna vzorka popol¢eka P (obr. 1a) obsahovala pred umelou
karbonatizaciou 98,3 obj. % amorfnej fazy, uhlika a podruzny
obsah apatitu a anhydritu. Maximalny obsah kalcitu a aragonitu
bol 1,7 hm. %. Amorfné fazy silikatovej taveniny mali gulovity tvar
a uzatvarali uhlik, ktory bol pritomny aj v matrixe vstupnej vzorky
spolu s apatitom (obr. 2a). Gulovity tvar amorfnej silikatovej fazy
indikuje rychle chladnutie taveniny na ceste zo spalovacej komory
k elektrostatickym separatorom. Amorfné fazy maju premenlivy
obsah SiO, (hm. %), Al,O5, CaO, FeO, MgO, K0, TiO, a rézne
chemické zloZenie, napr. Si-Al-Ca, Si-Al-Ti, Ti-Si-Al. V amorfnych
fazach je obsah chemicky viazanej vody alebo OH skupiny nizky
v rozsahu 1,94 — 3,89 hm. %.

Vysledky laboratérnych vyskumov umelej karbonatizacie
popolceka s CO,

Technologické parametre laboratérnych skusok v tab. 3 — 7
jednoznacne preukazuju vytvaranie produktov z filtratov s obsa-
hom vykrystalizovanych karbonatovych mineralov (predovSetkym
kalcit + aragonit; obr. 1b) s &istotou v rozmedzi 43,9 — 56,6 %
a s prirastkom hmotnostnych vynosov zrazanych produktov
v rozmedzi 0,54 — 0,92 %. Na preukazanie vzniku karbonatov
sme pocas prvych Siestich skusok (P1, P4, P7, P10, P13 a P16)
analyzovali separatne filtracné kolaCe a vyzrazané produkty
(tab. 4). DalSie reakcie (P19-P48; tab. 3 a 5 — 7) optimalizovali
reakéné parametre pre najefektivnejSiu karbonatizaciu, a preto
sme analyzovali iba nedelené reakéné produkty, ktoré vznikli
reakciami pri réznych kombinaciach troch rozdielnych tepl6t (22,
35 a 50 °C), tlakov (2,5, 5,0 a 7,5 MPa) a pri dizke reakcii 1, 2, 3
a 6 hodin. Kvalitativne mineralne zlozenie vzorky popolceka
a jeho karbonatizovanych produktov prezentuju tab. 5 — 7.

Novovytvoreny kalcit s obsahom molekuly MgCO; vznikol
z kationov Ca a Mg, ktoré sa do suspenzie uvolnili z amorfnej
fazy s obsahom CaO a MgO. Sprievodnym mineralom vo
vykrystalizovanych produktoch je bassanit. V porovnani
bilancie CO, vo vstupnej vzorke P 0,76 hm. % s obsahom CO,
v novovytvorenych karbonatovych produktoch min. 19,3 a max.
24,9 hm. % (produkty reakcii P6 a P9) je CO, viazané (likvidované)
v novotvorenych karbonatoch v zavislosti od reakénych podmienok
v rozsahu 18,54 — 24,14 hm. %.

Reakcie pri laboratornej teplote 22 °C v suspenzii H,O +
CO, pri meniacich sa tlakovych podmienkach a dizke trvania
reakcii su zobrazené v tab. 4 a 5. Amorfné fazy vo vstupnej

vzorke P a amorfné fazy vzorky P5 su podla vztahu obsahu
Si+Ti a obsahu Fe(total)+S+Ca+K+Na+Mn+P+Al v diagrame
v priamej substitucii s vyraznou medzerou v nemiesatelnosti tychto
obsahov (obr. 3). Takéto vlastnosti priamej chemickej substitucie
s medzerou nemieSatelnosti pevného roztoku maju fazy
s CiastoCne usporiadanou krystalovou mriezkou (obr. 2a — c, 3).
Relikty amorfnych faz pozostavaju z dvoch typov: nehydratované
a hydratované (tab. 8). V pripade hydratovanych amorfnych faz
je obsah chemicky viazanej vody a/alebo vody v OH~ skupine
v rozsahu 2,06 — 2,41 hm. % (tab. 8), ¢o koreSponduje s obsahom
vody vo vstupnej vzorke popoléeka P (1,94 — 3,89 %).

Produktom umelej karbonatizacie popolceka je vyzrazany
produkt (P6; obr. 1b) tvoreny zmesou kalcitu s obsahom molekuly
MgCOj; a bassanitu (obr. 4, 2c — d). Alotriomorfné zrna Mg kalcitu
obaluje bassanit, z ¢oho vyplyva, ze Mg kalcit krystalizoval pred
bassanitom (obr. 2d). Vztah Mg kalcitu a bassanitu indikuje,
Ze krystalizacia tychto mineralov prebiehala v dvoch etapach.
Najskor krystalizoval Mg kalcit, ktorého katiény Ca a Mg sa do
suspenzie uvolnili z amorfnej fazy s obsahom CaO a MgO. Neskor
krystalizoval bassanit, ktory pravdepodobne vznikol hydrataciou
anhydritu.

Udaje v tab. 4 potvrdzuju, ze vysledkom umelej karbonatizacie
vzorky popol¢eka s naslednou krystalizaciou z filtratu je vznik
CaCOgj (kalcitu a aragonitu). Vo filtraénom kolaci a v nedelenych
produktoch karbonatizacie sa v malych mnozstvach vyskytoval
tiez kremen, mullit, hematit a maghemit. Kalcit (+ aragonit)
v tychto produktoch rtg. analyzou identifikovany nebol z dévodu
jeho pritomnosti v akcesorickom az vedlajSom mnozstve a citlivosti
metdédy, pricom chemické analyzy potvrdili jeho pritomnost
pomocou stanovenych obsahov oxidu uhli¢itého.

Pri teplote 22 °C, tlaku 5 MPa a trvani procesu 2 hodiny bol
dosiahnuty najvyssi prirastok hmotnostného vynosu nedeleného
produktu +0,70 % s obsahom CaCO; 9,8 % s narastom viazania
sa CO, oproti vstupu o 3,56 % (P13; tab. 5).

Pri teplote 35 °C, tlaku 5 MPa a trvani procesu 3 hodiny bol
dosiahnuty najvyssi prirastok hmotnostného vynosu nedeleného
produktu +0,58 % s obsahom CaCOj; 11,0 % s narastom viazania
sa CO, oproti vstupu o0 4,10 % (P32; tab. 6).

Pri teplote 50 °C, tlaku 5 MPa a trvani procesu 6 hodin bol
dosiahnuty najvyssi prirastok hmotnostného vynosu nedeleného
produktu +0,44 % s obsahom CaCO; 8,6 % s narastom viazania
sa CO, oproti vstupu o 3,03 % (P47; tab. 7).

Z uvedenych vysledkov vyplyva, ze vSetky sledované
ukazovatele umelej karbonatizacie materialu vzorky P su si
velmi blizke, a preto za optimalne parametre z realizovanych
laboratérnych skusok nedelenych produktov sa méze povazovat
tlak CO, 5 MPa v trvani pdsobenia 2 hodiny pri laboratérnej
teplote 22 °C (reakcia s produktom P13), ¢o indikuje, ze ohrev
reakénej zmesi nie je potrebny. Z dosiahnutych vysledkov
karbonatizacie vzorky P sa ukazuje experimentalna skuto¢nost,
Ze pri rastucej teplote suspenzie (22 °C — 35 °C — 50 °C) klesa
hodnota prirastkov hmotnostnych vynosov produktov (0,70 % —
0,58 % — 0,44 %). Hmotnostné vynosy klesali tiez paradoxne
s predlzovanim ¢asu posobenia CO, na suspenziu (2 - 3 — 6
hodin). Tento fakt je sp6sobeny pravdepodobne prechodom ¢asti
oxidu uhli¢itého z tekutej fazy do plynnej fazy zvySovanim teploty,
¢im sa znizi reaktivita CO, v porovnani s reaktivitou kvapalného
systému H,O + CO,.

Umeld karbonatizacia stabilizuje popol€ek rozpustanim
anhydritu a tiez nestabilnej amorfnej fazy bohatej na CaO zmesou
H,O + CO, a vznikom stabilnych mineralov bassanitu a kalcitu.
Ucinnost karbonatizacie je priamo umerna mnozstvu amorfnej
fazy bohatej na CaO, ktoru obsahuje popolCek pred reakciou.
Ucinnost karbonatizacie tiez zavisi od mnozstva anhydritu
v popol¢eku a charakteru viazania sa siry. V désledku nizkeho
obsahu anhydritu a amorfnej fazy bohatej na CaO (3 obj. %)
v popol¢eku reakcia s H,O + CO, vyprodukovala malé mnozstvo
bassanitu a kalcitu. Napriek tomu metodika umelej karbonatizacie
hald popol¢eka po spalovani ¢ierneho uhlia vedie k stabilizacii
tychto hald, lebo sa znizi reaktivita ich komponentov pri pdsobeni
kyslych dazdov, a tym poSkodzovanie zivotného prostredia.



