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Abstract: The utilization of fly ash (FA) generated by the combustion of coal in thermal power plants instead of its disposal is a critical issue
worldwide, which imposes the best available techniques and standards for sustainable practical application of this abundant resource. The
present study considers an opportunity for smart utilization of fly ash from domestic Bulgarian lignite coal by its conversion into dual-
functional material with high adsorption capacity to capture carbon emissions and catalytic ability to convert them into synthetic fuel. FA
with a high content of iron oxides, obtained as an average sample from the hydroseal of electrostatic precipitators of a Bulgarian coal-fired
power plant, is converted by alkaline treatment to a zeolite-like material. Due to its favorable surface characteristics, the obtained material
was tested for its adsorption potential toward CO,; at pressure of 5.5 MPa. High content of iron oxides uniformly distributed into the zeolite
matrix is a prerequisite for the catalytic properties of the material, which contribute to the conversion of CO, to methane, proven by infrared
spectrophotometry and thermogravimetry combined with gas chromatography and mass-selective detector.
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1. Current state and environmental aspects of coal
combustion

According to the data by 2021 in Europe, the available gross
electricity capacity provided by coal-fired thermal power plants
(TPPs) amounts to 162 262 MW totally, including TPPs under
operation, retrofitting and readiness [1]. Of them 120 076 MW are
installed in the European Union (EU), 20 744 MW in Turkey, 8
785 MW in the Western Balkans and 6 328 MW in the United
Kingdom [1]. Among the EU member states, the largest share of
the installed capacity of coal-fired TPPs is in Germany (46 774
MW), followed by Poland (30 243 MW), while in Bulgaria the
available capacity from coal is 5 039 MW. Across entire Europe,
260 TPPs with a total of 651 power units are in a working state.
Besides the large TPPs, coal is widely used fuel in chemical and
steel plants and refineries. The annual consumption of coal and
lignite in the last three decades worldwide and in the EU is
presented in Fig. 1 [2].
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Fig. 1. The annual consumption of coal and lignite in the world and
Europe.

It is evident that the world consumption of coal and lignite has
increased drastically since 2000 and then fluctuated slightly,
reaching amounts of 8 Gt per year. In 2020 there was a decrease in
consumption by about 4.4 % compared to 2019, because of the
industrial decline due to the pandemic of Covid-19. For the EU, a
decrease in coal consumption in 2020 compared to 2019 has been
estimated to reach 18.7 % due not only to the economic collapse of
the pandemic, but also to the activities of a number of European
countries to limit the consumption of solid fuels. The largest
consumer of coal is China, about 52 % of world annual
consumption, and in 2020 there was an increase of 0.6 %
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compared to 2019. According to the latest data from 2020, the EU
consumes only 5.6 % of the world coal demands. For the period
2005-2016, 30 857 MW European coal-fired power units have
been decommissioned or switched to alternative fuels. Still open
but announced to be retired in EU are 66 397 MW, most of them
are from a thermal power plant (TPP) in Germany, which plans to
stop producing energy from coal. However, coal still supply about
40 % of the world demands of electricity. The trend in the change
of carbon emissions from the combustion of fossil fuels worldwide
and in EU is presented in Fig. 2 [2].
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Fig. 2. Trends in the carbon emissions from the combustion of
fossil fuels worldwide and in EU.

In 2020 a significant decline of 4.9 % in the levels of carbon
emissions was registered compared to 2012, because of the
reduced energy consumption by economic slowdown and transport
restrictions due to the Covid-19 pandemic. This decline in carbon
emissions is not sustainable and after the situation normalizes, they
will return to their high levels. Recent data reveal that, despite the
EU efforts to reduce the consumption of fossil fuels, the necessity
to develop viable technological solutions to improve the
environmental compatibility of coal-fired power plants worldwide
is more relevant than ever.

In the last two decades coal-fired TPPs face continuously
tightening legislation to reduce emissions of nitrogen oxides, sulfur
oxides, particulate matter and mercury into the atmosphere by
implementing best available techniques (BATs) for pollutant
control. The last decision of the European commission 2017/1442
regarding to the Directive 2010/75/EU have established BAT on
the basis of which the most recent emission limit values have been
determined [3]. So far proven BATs to limit dust particles from
coal TPPs require installation of dust collection systems of the type
electrostatic or bag filters preceding wet flue gas desulfurization.
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Thus BAT-associated yearly average emission levels (BAT-AELs)
that are established are 2-10 mg/Nm? for the existing and 2-10
mg/Nm? for novel TPPs with thermal input > 300 MW referred to
normal flue gas volume (dry gas at a temperature of 273.15 K, and
a pressure of 101.3 kPa) and reference oxygen concentration for
solid fuels of 6 vol%. Besides the fine particles collected by the
dust collection systems, called fly ash (FA), other solid by-
products are also generated from coal-fired TPPs due to the
thermal decomposition and condensation of mineral components of
coal and the operation of flue gas cleaning systems. The major coal
combustion by-products are specified by the European Coal
Combustion Product Association (ECOBA), as it is presented in
Table 1 [4].

Table 1: Coal combustion by-products specification (ECOBA)

CCPs Description

Fly ash Fine powder obtained by electrostatic or
mechanical precipitation of dust from flue
gases, which is mainly composed of
micronized spherical glassy particles. Above
85 % of the ash produces is fly ash. Another
term used — pulverized fuel ash (PFA).

Bottom ash Granular material removed from the bottom
of dry boilers.

Cenospheres Hollow spheres with thin-walled hard-
shelled with low specific gravity (<1 g/cm?).
They are extracted from the surface of the
ash disposal ponds by water flotation.

Boiler slag Vitreous grained product obtained by
burning coal at temperatures of 1500 to 1700
°C, followed by wet removal of ash from
wet bottom furnaces.

Fluidized bed Produced in fluidized bed combustion

combustion ash | boilers. Enriched in lime and sulfur.

Semidry Grained product of semidry desulfurization

desulfurization using lime as a reagent. Enriched in lime and

product sulfites.

Flue Gas Crystalline hydrate product similar to natural

Desulphurization | gypsum obtained by wet desulphurization of

Gypsum flue gases using milk of lime or limestone
slurry as reagents.

Improving the environmental performance of coal-fired power
plants requires the utilization of the generated by-products instead
of their disposal, especially of FA, which is the most abundant
residue. The current trend in the organization of environmentally
friendly technologies is to combine them with the principles of the
circular economy. The concept of circular economy is perceived
closed loop systems with minimum use of raw materials and
maximum reuse of by-products in efficient energy consumption
and renewab le energy supply.

The main utilization of coal FA is in concrete and cement, and
because in a number of countries this coal combustion by-product
is considered as a raw material rather than a waste, it is specified in
European and international standards, mostly regarding the lime
content (BS EN 450-1:2012; ASTM C618, ASTM (593,
AASHTO M 295). Another confirmation that by-products from
coal combustion are treated predominantly as substances is the
facilitation of their market exchange by including them in the
regulatory framework for Registration, Evaluation, Authorization
and Restriction of Chemicals REACH of the European Chemical
Agency (ECHEA), registering them by EC numbers and Chemical
Abstract Service number (CAS). However, for the more efficient
and appropriate utilization of coal ash in a global market still
important legal and technical requirements have to be unified [5].

2. Obtaining dual-function materials (DFM) by
utilization of coal ash

In the present study, a high-iron FA separate obtained from the
combustion of lignite coal, collected from the hydro-seal of an
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electrostatic precipitator at the TPP “ContourGlobal Maritsa East
3” in Bulgaria, was used as a starting material. Studies on the
chemical composition of the raw material show about 47 wt%
Fe,Ozand about 42 wt% (SiO,+Al,O3). The other components are
oxides of alkaline earth (CaO, MgO) and alkali metals (NayO,
K;0). The high-iron fly ash is subjected to double-stage alkaline
conversion in combination with ultrasonic homogenization
according to a well-established procedure [6]. The flow-chart of
the synthesis process is presented in Fig 3.

w » Mixing FA and alkaline activator (NaOH) in established weight ratios ]

% « Charging in Ni-crucibles and performing a fusion stage at 550°C for 1 hour ]

« Cooling and grinding of the alloy ]

« Mixing with distilled water for obtaining water slurries with 2.5 M of alkalinity

« Charge in closed vessels and ultrasonic treatment for 15 min
« Aging at room conditions for 12 hours
« Hydrothermal treatment at 90 °C for 1 hour

« Filtration, washing and drying of the reaction product

Fig. 3. Flow-chart of FA conversion into dual-functional materials

The alkaline conversion of coal ash leads to the synthesis of
zeolite-like materials, which in our study we referred to as DFM,
due to their complex function, ensuring the combination of more
than one application. The present study aims to combine the
adsorption and catalytic properties of these materials for capture
and catalytic conversion of carbon emissions to hydrocarbons in an
integrated process. The production of zeolite-like materials has
been widely studied due to the great practical interest in cost-
effective adsorbents and catalytic systems, and as a technologically
affordable opportunity to utilize the huge raw material resource of
coal ash in products of high industrial demands. The technological
stage of the processing of coal FA to zeolites has passed the
laboratory level and has reached the stage of pilot installations and
small-scale productions [7]. Zeolite-like materials from coal ash
retain a number of advantages of their natural and pure synthetic
analogues such as thermal and chemical resistance, have a high but
lower specific surface, however, they have the advantage of a
mixed micro-mesoporous structure, which favors mass transfer
processes and stipulates their adsorption behavior. These products
could be considered as particular composites due to the transfer
and fine distribution of iron oxides and other metal particles from
the raw coal ash, which in addition give them a catalytic ability,
which implies their multifunctionality. The surface characteristics
of DFM as key parameters for its applicability have been studied.
The N, adsormption/desorption isotherms were measured with a
TriStar 11 3020 adsorption analyzer, Micromeritics at cryogenic
temperatures provided by liquid nitrogen, and after preliminary
degassing of the sample at 260 °C in a He stream. Surface
characteristics calculated using standard mathematical models are
presented in Table 2.

Table 2: Surface parameters of DFM

SBI:‘I'y Sexlerm Vtotaly Vmicro; Vmeso: dmicro, dmeso,
m?/g mig |cm’g | cmilg | cm’lg
179 168 0.13 0.002 0.13 10 33

Seer and Sexeern, are the specific and external surface; Vital, Vimico and
Vneso are the total volume and described by micro and mesopores;

Omicro @Nd dieso are average the micro and mesopore diameters

3. CO;, capture and conversion into synthetic fuel

The experiments on the adsorption and catalytic conversion of
carbon dioxide to methane were performed in a laboratory pressure
reactor made of stainless steel Miniclave 100, Buchiglass,
Switzerland. The 0.2 g of DFM was loaded into the reactor in a
semipermeable filter bag and subjected to an atmosphere of carbon
dioxide at a pressure of 5.5 MPa for 24 hours. The laboratory setup
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is demonstrated in Fig. 4. After removal from the reactor, the CO,-
loaded sample was examined by Fourier-transform infrared
spectroscopy (FTIR) using a spectrometer Tensor 37, Bruker on
standard KBr pellets to detect possible hydrocarbon formation. The
measured FTIR spectrum is plotted in Fig. 5.

Fig. 4. Laboratory pressure reactor for experimental tests.
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Fig. 5. FTIR spectrum of CO,-loaded sample.

The spectrum shows the characteristic vibrations of zeolite
framework (459, 564, 668, 752, 983, 1069 cm™), a wide range of
water adsorption (1644, 3419 cm™), formation of carbonates
(1516, 1383 cm™) and physically adsorbed carbon dioxide (2338,
2360 cm). Assignments of FTIR features with vibration modes
typical for zeolite Na-X and physical CO, adsorption is described
in details in our previous work [8]. The FTIR adsorption bands of
methane are situated around 1306 and 3019 cm'?, as the latter falls
entirely within the characteristic zone of water molecules, and the
first could coincide with the vibrations of the carbonate group. For
these reasons, the FTIR spectrum, which is otherwise widely used
for the qualitative and quantitative determination of hydrocarbons,
is not indicative in this case of the presence or absence of methane
because of the formation of carbonates and water retention.

Further, thermogravimetric analysis was performed in the
thermal range 40-800 °C using an apparatus TGA-4000 Perkin
Elmer at heating rate 8 °C/min up to 220 °C, and 10 °C/min for the
remaining temperature range. The experimental TGA curve is
plotted in Fig. 6. When heated to 300 °C, a mass loss of 16.5 wt%
was measured as a result of the released water and physically
adsorbed carbon dioxide. The further heating to 800 °C leads to the
mass losses of 3.9 wt%, most likely from the decomposition of the
obtained carbonates. The desorption of water molecules from the
mesopores of the zeolite structure, as well as of CO, and possibly
formed hydrocarbons takes place at low temperatures, outlining a
wide endothermic peak therefore, they cannot be quantified. For
this reason, the released gas mixture was examined by a Clarus 600
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gas chromatograph PerkinElmer with a mass-selective Clarus
SQ8S detector. Discrete gas sample from the thermal
decomposition in the thermogravimeter is injected with a gas
valve, separated and analyzed quantitatively, as the qualitative
identification of the components was made with NIST spectrum
library. The content of the individual components in the gas
mixture was defined as a ratio of the areas of the respective peaks,
presented in Fig. 7.
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Fig. 6. Termogravimetric analysis of CO, loaded sample.
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Fig. 7. Characteristic peaks of the components in the realized gas mixture
determined by mass-selective detection.

Gas chromatographic analysis of the desorbed gas mixture
from the CO,-loaded sample clearly shows, in addition to
physically adsorbed carbon dioxide, the presence of methane. The
composition of the desorbed gas mixture is calculated from the
ratio of the area of the characteristic peaks from the gas
chromatographic analysis. The amounts of components retained in
the material are determined by the mass loss from the
thermogravimetric analysis. The results obtained are presented in
Table 3. These data give an approximate information for the
amounts of retained and converted carbon emissions, as with the
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removal of the material from the pressure reactor occurs a rapid
desorption process. Due to the high affinity of zeolites to polar
water molecules, it could be expected the fastest release of
methane, followed by desorption of physically adsorbed CO..
Moreover, the investigated material is characterized by high values
of surface to volume ratio, as can be seen from Table 2, due to the
ultrasonic  homogenization of the reaction mixtures in the
synthesis, which greatly facilitates desorption from the surface. It
could be assumed that during the thermogravimetric analysis the
gaseous components from the micropores of the material are
released. However, the results convincingly prove the dual
functions of the material obtained by utilizing coal ash, namely
adsorption and catalytic conversion of CO,to CHy.

Table 3: Quantification of the components in the desorbed gas and
retained into the material.

Component | Desorbed gas mixture | Retained quantities
composition, wt % into the material, mg/g

CH, 2.9 4.8

CO, 24.1 39.8

H,O 73.0 120.4

Methanation is a potential opportunity for industrial utilization of
captured CO, through its conversion to synthetic fuel. The main
obstacle to its widespread realization is the high energy
consumption for obtaining the hydrogen required for mathanation,
which is usually obtained by electrolysis of water. In this process,
zeolites are usually used as catalytic carriers and carbon dioxide
adsorbents, but recent studies have found another their important
function. The degree of conversion of CO, to methane is limited by
the equilibrium of the Sabatier reaction, and the shift of the
interaction toward the right reaction requires to bring out some of
the reaction products:

4H2+COZ<—> CH4+2H20 (1)

Eq. (1) is a summarized equation, while the most common
mechanism being accepted is a two-step process involving
endothermic reverse gas shift reaction (RWGS) followed by
exothermic CO methanation [9]:

H2+C02—>CO+H20—Q
3H; + CO - CH, + H,0+Q

@
®

It has been found that the preferential adsorption of water
molecules from the zeolite matrix shifts the equilibrium of the
Sabatier reaction and provides a higher degree of conversion to
methane [10]. Our concept complements this study by suggesting
that zeolites can provide additional hydrogen for the methanation
process from their acidic Brensted centers, which have been found
to donate protons for catalytic interactions, as it is demonstrated in
Fig. 8. Establishing the formation of methane in the gas mixture
released from the material confirms our hypothesis for the supply
of hydrogen from the zeolite structure and its participation in the
methanation of CO,, since in our study no hydrogen was supplied
from an external source.

The methanation of CO, without catalytic assistance is a rather
slow process requiring elevated temperatures because of the
endothermic RWGS. Catalysts, which are usually based on nickel
or bimetal systems on ceramic support (CeO,, TiO,, ALOs;,
zeolites) are being investigated to accelerate mathanation and
increase the rate of conversion [11]. It has been reported that iron
based catalysts, especially nano-sized y-Fe,O3 also behave high
activity in the methanation process, which is explained by the
reduction of iron oxides and the formation of carbide entities [12].
Zeolite-like materials obtained by alkaline conversion of coal ash
could be considered as self-organized catalytic systems in which
the carrier function is performed by the zeolite matrix and the
metal particles and metal oxides transferred from the raw ash act as
active catalytic centers.

In this case, the double-functional material under study was
obtained from a high-iron coal fly ash separate, and the high iron
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oxide content of the raw FA being transferred to a significant
percentage in the final product. The application of ultrasonic
homogenization of the reaction mixture ensures uniform and fine
distribution of iron oxides on the zeolite support, which take part
as active catalytic centers in CO, methanation process [13].
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Fig. 8. Scheme of a Brensted center in the zeolite framework.

3. Conclusions

As a result of the performed studies the obtaining of a double-
functional material by utilization of coal fly ash is established,
which acts as an adsorbent of carbon emissions and a catalyst for
their conversion to synthetic fuel. Bi-functionality of the material
is ensured by the increased porosity and the improved surface
properties through the applied two-stage alkaline conversion of the
coal combustion by-product and from the transfer and fine
distribution of the iron oxide components. Studies on the effect of
temperature,  textural  characteristics and  post-synthesis
modification of the material to increase the efficiency of the
methanation process are forthcoming.
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