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Abstract

:

The purpose of this article was to present the theory of the possibility of using limestone sorbents containing carbonate minerals with increased Mg content in processes of flue gas desulfurization in power stations. Data obtained as a result of the conducted research show that the analyzed Triassic (Muschelkalk) limestones of the south-west part of Poland are built of the following carbonate minerals: low magnesium calcite, high magnesium calcite, dolomite and huntite. These carbonate minerals are characterized by various magnesium contents. The increased content of magnesium in the sorbent has a positive effect on the technological process of flue gas desulfurization using the dry method, especially in the case of desulfurization with the application of Fluidized Bed Reactors. The positive influence of magnesium’s presence in sorbent in the desulfurization process is connected with the decarbonization of carbonate phases with magnesium at temperatures similar to the dolomite decarbonization temperatures, which are, thus, lower than typical for low magnesium calcite. The process would be easier because the structure of a solid solution containing magnesium ions, with a smaller ion radius to calcium ions, is unstable and the decomposition of these phases runs easier and faster. Therefore, the desulfurization process starts earlier and is more effective.
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1. Introduction


Limestones are carbonate rocks that are applied in various industries. They are also used as a sorbent in processes of flue gas desulfurization in power stations. Limestones usually consist of calcite mineral (CaCO3) known as low-Mg calcite. Some limestones also contain other carbonate minerals, such as high magnesium calcite, protodolomite, ordered dolomite and huntite [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32]. These carbonate phases were determined during previous research on the Triassic (Muschelkalk) sediments located in the area of the Opole Silesia (south-west part of Poland). This area is a Polish zone of the Germanic Basin [18,19,20,21,22,23,24,25,26,27,28,33,34,35]. The rocks of this area are the subject of this article. The limestones that were analyzed are Lower Muschelkalk (Middle Triassic) sediments. The Muschelkalk profile contains Gogolin Beds (the bottom of the profile – initial sea transgressive stage), Górażdże Beds (advanced sea transgression stage), Dziewkowice (Terebratula) Beds (sea transgression peak stage) and Karchowice Beds (the top of the profile – sea regression stage). The names of formations are connected with the names of nearby situated cities [18,19,20,21,22,23,24,25,26,27,28,33,34,35]. The limestones of these units are built of carbonate minerals with various contents of Ca and Mg, low magnesium calcite, high magnesium calcite, protodolomite [36], ordered dolomite and huntite.



The desulfurization of flue gases is a very significant process because now in Poland energy is still produced using brown coal and hard coal. Therefore, during coal combustion, the sulfur that is present in carbon is released and emitted in the form of sulfur oxides into the atmosphere. During the processes of flue gas desulfurization, the sulfur is bound to sulphate; therefore, the emission of sulfur oxides into the atmosphere is reduced. Limestone sorbent built of carbonate minerals with an increased Mg content could be used as a sorbent in the process of dry desulfurization, especially applying Fluidized Bed Reactor. The limestones sorbent that is usually used in flue gas desulfurization processes in power stations is built mainly of “pure”, low magnesium calcite with contents of MgO < 2% [37,38,39,40,41,42,43]. During this process, gypsum is formed [44,45,46,47].



The purpose of this article was to present the theory that the limestone containing carbonate phases with increased magnesium contents may be a better sorbent than the limestone built of “pure”, low magnesium calcite, without the substitution of Mg ions. This problem was previously only mentioned in a few publications [21,26,48,49] but detailed research, especially in the industry, has not been conducted. Therefore, the problem presented in this article can be treated as a novelty. It is worth analyzing the possibility of using limestones containing carbonate phases enriched in magnesium as a sorbent to determine the improvement of the flue gas desulphurization process efficiency in the case of using such a type of a sorbent. The improvement in the efficiency of the process is related to the faster decarbonization of magnesium-containing carbonates than of low-Mg calcite. This is due to the difference in the ion radii of calcium and magnesium. The carbonization of carbonate phases rich in Mg decarbonization begins at a lower temperature than the decarbonization of low-Mg calcite; therefore, the desulfurization process starts earlier [21,26,48,49]. The sorbent with magnesium could be especially used when applying Fluidized Bed Reactor. It is a dry method of desulfurization. During the process, the coal combustion runs in the Fluidized Bed Reactor. The effectiveness of this method is 95% [21,26,40,41].



Due to the importance of this topic, research was undertaken. However, it was only possible to carry out laboratory tests. The next stage will be connected with conducting research in the industry, in power plants. However, this will be related to the application of limestone rich in magnesium in desulfurization installations used in power plants. The presented study’s results indicate the possibility of using limestones containing carbonate phases rich in magnesium as a sorbent for flue gas desulphurization. Therefore, it will be worthwhile to conduct research on a semi-technological scale. The author aims to conduct research in a power plant, which would decide to apply a sorbent with magnesium in the desulfurization process.




2. Materials and Methods


2.1. Materials


The samples for laboratory tests that were conducted previously are characterized by the different contents of magnesium-rich carbonate phases. They were taken in selected places of the Opole Silesia area (Figure 1).



From all the samples taken, representative samples were selected for laboratory testing. Two samples were selected from those taken in Ligota Dolna Quarry—LD19 and LD20, and three from those taken in Gogolin Quarry—G1, G2, G6, and Wysoka Quarry—W1, W5, W14). Four samples were selected from those taken in the area of Saint Anne Mountain—SA2, SA3, SA5, SA12, in Strzelce Opolskie Quarry—SO1, SO14, SO17, SO20, and in Szymiszów Quarry—S2, S7, S8, S9. In total, 20 limestone samples were examined. A total of 5 samples from Gogolin Unit (G1, G2, G6, LD9, LD11), 4 samples from Górażdże Unit (SA5, W1, W5, W14), 6 samples from Terebratula (Dziewkowice) Unit (SA12, SO1, S2, S7, S8, S9) and 5 samples from Karchowice Unit (SA2, SA3, SO14, SO17, SO20) were tested (Figure 1) [18,19,20,21,22,23,24,25,26,27,28,33].




2.2. Methods


All selected samples were tested using the following research methods: X-ray diffraction, Thermal Analysis, Fourier Transform Infrared Spectroscopy (FTIR, Laboratory of Faculty of Geography and Geology of the Jagiellonian University, Cracow, Poland), X-ray microanalysis (microprobe measurements, Center for Powder and Composite Materials of Institute of Non-ferrous Metals, Gliwice, Poland) and determination of sorption properties.



A total of 8 selected samples were examined using X-ray diffraction: G1, G2 (from Gogolin Unit), SA5, W1 (from Górażdże Unit), S2, S7 (from Dziewkowice/Terebratula Unit), SO14 and SO20 (from Karchowice Unit). The selection of samples for X-ray diffraction was made on the basis of the Mg quantity determined during previously conducted tests, especially results of chemical analysis and the amount of carbonate phases differentiated in Mg content [21,22,23,24,25,26,27]. The X-ray diffraction was performed at the Department of Applied Geology in Gliwice (Gliwice, Poland). The diffractometer HZG4 (produced in East Germany), applying a copper lamp with a nickel screen, was used. The analysis conditions were as follows: voltage, 35 kV; intensity, 18 mA. The reflective light method was used. The Dronek Software (Dronek-3 Software by Wacław Musiał, Poland) was applied for the evaluation.



Thermal Analysis was used to examine a total of 8 samples selected from all formations: G1, G6 (from Gogolin Unit), SA5, W1 (from Górażdże Unit), S2, S8 (from Dziewkowice/Terebratula Unit), SA2 and SO14 (from Karchowice Unit). The selection of samples for the tests was made mainly on the basis of the Mg content determined during previously conducted chemical analysis and X-ray diffraction [21,22,23,24,25,26,27]. Thermal analysis was performed at the Department of Applied Geology in Gliwice. Thermal analysis was conducted with an application of Derivatograph made by Hungarian Company—F. Paulik—J. Paulik–L. Erdey (Hungary), using the following measurement parameters: time of measurement—100 min, maximal temperature—1000 °C, DTA (Differential Thermal Analysis) sensitivity—1/10, DTG (Differential Thermal Gravimetric Analysis) sensitivity—1/5, TG (Thermogravimetry)—200 mg. Weight of samples: 900 mg.



Fourier Transform Infrared Spectroscopy (FTIR) was used to test a total of 8 samples selected from all formations: G1, G6 (from Gogolin Unit), SA5, W1 (from Górażdże Unit), SO1, S2 (from Dziewkowice/Terebratula Unit), SO14 and SO20 (from Karchowice Unit). The selection of samples for the tests was made mainly on the basis of the Mg content determined during previously conducted chemical analysis, thermal analysis and X-ray diffraction [21,22,23,24,25,26,27]. The tests were conducted at the Institute of Geological Sciences of the Jagiellonian University (Cracow, Poland). The research was carried out using an FTS 135 BioRad Fourier Spectrometer. The Bio-Rad Sadtler Division 1981–1993 software (Bio-Rad Laboratories, Cracow, Poland) was applied to elaborate spectra.



X-ray microanalysis (microprobe measurements) was used to test a total of 5 samples selected from all formations: G1 (from Gogolin Unit), SA5 (from Górażdże Unit), S2 (from Dziewkowice/Terebratula Unit) and samples SO14 and SO20 (from Karchowice Unit). The selection of samples for the tests was made mainly on the basis of the Mg content determined during previously conducted research [21,22,23,24,25,26,27]. The tests were conducted at the Institute of Non-ferrous Metals in Gliwice (Gliwice, Poland). The tests were conducted applying the method of X-ray microanalysis EPMA. A JXA-8230 X-ray microanalyzer manufactured by JOEL was used. The investigations were performed on polished sections. They were sputtered with a carbon coat. The analysis with the application of WDS spectrometers was conducted. It was conducted in microareas of samples. The WDS method was used to carry out quantitative analyses in microareas. The measurements were conducted in selected points that are characterized by various chemical compositions. The content of the Mg, Si, Al, Ca, K, Ba, Sr, Fe, Mn, as well as the O and C were determined. Usually, the carbonates burn during exposure to X-rays. Moreover, the samples were sputtered with a carbon coat. Therefore, the values of O and C were calculated, and the results of measurements were normalized to a value of 100%. It allowed the author to establish the real contents of O and C elements. The results of the measurements of the rest of chemical elements are original data. The total amount of carbon (C) and part of the oxygen (O) amount formed carbonates. Remaining amount of the O formed aluminosilicates and quartz [18,19,20,21,22,23,24,25,26,27,28].



The following 14 samples were selected for the study of sorption properties: G1, G6, LD9, LD11 (from Gogolin Unit), SA5, W1, W5 (from Górażdże Unit), SA12, SO1, S8 (from Dziewkowice/Terebratula Unit), SA2, SO14, SO17 and SO20 (from Karchowice Unit) [21]. The main criteria for selecting samples for testing included choosing at least 3 samples from each formation and the selection of samples was made on the basis of the Mg content determined during previously conducted research [21,22,23,24,25,26,27]. The tests were conducted at the Faculty of Mechanical Engineering of the Silesian University of Technology. Samples with grain size < 0.16 mm were introduced into the gas zone of the furnace in a platinum boat. The furnace was heated to the maximum temperature of 1400 °C. The electric furnace with a PR-40/1400S quartz tube inside was produced by the Industrial Institute of Electronics in Warsaw. The limestone samples were introduced into the quartz tube to the furnace heating zone in porcelain boats. The first stage of the research consisted in drying the samples at a temperature of 378 K for about 15 to 20 min. During this process, nitrogen (N2) was passed through the quartz tube in the amount of Vn2 = 0.21 ln/min. In the second stage of the analysis, the samples were calcined and SO2 was sorbed by the released CaO. These processes were carried out at a temperature of 1223 K for a period of about 90 min. In this step, the nitrogen flow was set with the flow meter at the level 0.51 ln/min. After reaching a temperature of 1223 K, sulfur dioxide (SO2) was introduced into the nitrogen stream.





3. Results of Study


3.1. Carbonate Minerals in Limestones


The data obtained during the previously made research [20,21,22,23,24,25,26,27,28] allowed the author to distinguish the following carbonate phases that are characterized by a variable content of Mg: low magnesium calcite, high magnesium calcite, protodolomite, ordered dolomite and huntite. The results of the X-ray diffraction and the Fourier Transform Infrared Spectroscopy (FTIR) allowed the author to identify the dolomite mineral without distinguishing whether it is a protodolomite or an ordered dolomite.



3.1.1. The Results of the X-ray Diffraction


The data obtained as a result of the X-ray diffraction allowed the author to identify four carbonate phases differentiated in terms of Mg content. These minerals were determined in almost all the tested samples. They are low magnesium calcite, high magnesium calcite, dolomite and, in a small amount, huntite occurs (Figure 2, Figure 3, Figure 4 and Figure 5) [24].



The results of X-ray diffraction presented on the attached diffractograms indicate the domination of low magnesium calcite in limestones. On the diffractograms of samples G2, W1 and S7, only two diffraction lines of high-Mg calcite occur. One of them is the diffraction line of the highest intensity. However, merely two diffraction lines were determined; therefore, it can only be stated that high magnesium calcite is probably present in the analyzed samples.




3.1.2. The Results of the Thermal Analysis


Based on the results of derivatographic analysis, mainly calcite was identified in the tested samples (endothermic effect 890–950 °C); only one of the samples (SO14) showed the presence of dolomite (endothermic effect 790–810 °C and 910–940 °C) (Figure 6) [21]. Based on the obtained test results, the weight losses for individual samples were calculated. The increased content of MgO—6.98%, determined during the chemical analysis of the SO14 sample, confirms the presence of dolomite in this limestone. A slight curve of the DTA curve in sample S8 (Figure 7) may also indicate the presence of the magnesium-containing phase in the rock. The reduced temperature of the endothermic effect of calcite—about 900 °C (close to the value of the second endothermic effect for dolomite) in sample SA2 (Figure 8) may indicate the presence of magnesium calcite in limestones. Lowering the temperature of the endothermic effect of calcite may be related to the substitution of magnesium ions in place of calcium ions, in the crystal of this mineral [21].




3.1.3. The Results of the Fourier Transform Infrared Spectroscopy (FTIR)


Fourier Transform Infrared Spectroscopy (FTIR) allowed the author to identify low magnesium calcite, high magnesium calcite, dolomite and huntite [21,24]. These carbonate phases were determined on the basis of the typical infra-red absorption bands for these minerals [21,24,46,47,48] (Figure 9, Figure 10, Figure 11 and Figure 12). Low magnesium calcite was identified on the basis of the infra-red bands with the following values: V4 = 712 cm−1, V2 = 847 cm−1, V2—ranging from 872 to 874 cm−1, V3—ranging from 1.415 to 1.422 cm−1, V1 + V4—ranging from 1.797 to 1.799 cm−1, V1 + V3—ranging from 2.512 to 2.513 cm−1 and the single bands of further infra-red [46,47,48]. High magnesium calcite was determined based on the following typical phase absorption bands for this carbonate: V3 = ranging from 1.426 to 1.435 cm−1, V1 + V3 = 2.519 cm−1 and 2.626 cm−1 and the absorption bands of further infra-red that have the following values: 1.087 and 2.356 cm−1 [6,21,24,46,48,49].



The absorption spectrum of sample G6 contains only one absorption band of high magnesium calcite. Therefore, it can only be stated that high magnesium calcite is probably present in this sample. Dolomite was identified mainly on the basis of the typical absorption bands of further infra-red measurements for dolomite [21,22,24,46,47,48] with the following values: 1.702 cm−1, 2.360 to 2.368 cm−1, 2.605 cm−1 and 2.868 cm−1. Huntite was determined mainly on the basis of the single infra-red bands, the values for which are as follows: for sample G1—469 cm−1 and 800 cm−1, for samples G6 (Figure 9) and S2—1555 cm−1 and for sample SO1—1562 cm−1 (Figure 11) [21,24,48].




3.1.4. The Results of X-ray Microanalysis (Microprobe Measurements)


The X-ray microanalysis (microprobe measurements) was executed in a carbonate groundmass of samples, in points. BSE (Back-scattered Electron) images of the selected, representative for each examined sample microareas were taken. At the points of occurrence of the carbonate phases, the quantitative chemical composition was determined. This method allowed the author to determine the following carbonate phases: low magnesium calcite, high magnesium calcite, ordered dolomite and huntite [21,22,24]. The ordered dolomite is characterized by the value of Mg content close to the stoichiometric value for dolomite (Mg = 13.18%, MgO = 21.86%). Examples of the results of two samples—S2 (limestone of the Dziewkowice Unit taken in the Szymiszów Quarry) and SO14 (limestone of the Karchowice Unit taken in the Strzelce Opolskie Quarry)—are presented below (Figure 13 and Figure 14, Table 1 and Table 2).



The research results show that investigated limestones contain carbonate phases varying in magnesium content. It is very important due to the rapidity and effectiveness of the flue gas desulphurization process. It is related to the faster disintegration of the carbonate phase cells that contain magnesium compared to the cells of “pure calcite”. The substitution of magnesium ions in carbonate minerals causes a reduction in ionic bond strength. Therefore, the decarbonization of carbonate minerals with increased magnesium contents runs at lower temperatures. Thus, the decarbonation of carbonate phases rich in magnesium—high-Mg calcite, dolomite and huntite—will occur faster and at temperatures that are lower than the decomposition temperatures of low-magnesium calcite.





3.2. Limestone Built of Carbonate Minerals with Increased Mg Content as a Sorbent in Flue Gas Desulfurization


3.2.1. Results of Sorption Tests


Fourteen samples from all four limestone formations were selected for sorption studies. The samples were analyzed for SO2 absorption properties, depending on the MgO content. Sample drying time—15 to 20 min, calcination and sorption time—approx. 90 min. The test results are presented in Table 3 and Figure 15, Figure 16, Figure 17 and Figure 18 [21].



The test results showed little variation in SO2 absorption depending on the MgO content in the samples. In some cases, an increase in SO2 absorption was observed with increasing MgO in the samples. However, this is not a definite trend, with a sinuous growth character (Figure 15, Figure 16, Figure 17 and Figure 18), which was observed during the research on the sorption properties of the limestones of the Karchowice Unit from the region of Tarnów Opolski [48,49]. A clear upward trend is observed only when the MgO content in the sorbent samples exceeds 1%.



The slight variation in the value of sulfur dioxide absorbed by the calcareous sorbent samples may also be the result of a variable SO2 stream flow through the installation (Table 3) and may also be related to the nature of the specific surface of the sorbent sample subjected to the sorption process [21,48,49]. Similar dependencies were shown by the calculated sulfur contents determined in the post-reaction product (Figure 17 and Figure 18). This confirms the thesis that it is possible to observe the influence of the MgO content on the amount of absorbed SO2 and the efficiency of the flue gas desulfurization using a sorbent in which the amount of MgO will exceed the value of 1% [21,48,49].



The obtained results show that the influence of MgO content on the amount of absorbed SO2 is observed if the amount of MgO will exceed the value of 1%. In this case, also an increase in and the efficiency of the flue gas desulfurization can be seen. However, no linear relationship was observed between the MgO content and the absorbed SO2. It could be connected with a various amount of carbonate phases differentiated in the Mg content. The decarbonization of each of these phases probably starts at a different temperature. Moreover, the presented results are data obtained during the laboratory study. The next stage of the research will be connected with conducting the tests at a power plant. The results of these studies will provide more information on the effect of MgO content on the flue gas desulphurization process.




3.2.2. Application of Limestones Built of Carbonates with Increased Mg Content as a Sorbent in Flue Gas Desulfurization


The obtained data are very important due to the possibility of using limestone with magnesium as a sorbent in flue gas desulfurization in power stations. Usually limestone built mainly of “pure”, low-Mg calcite with a MgO content below 2% is used. However, it can be said that limestones containing carbonate minerals with increased Mg contents could be a better sorbent than the limestone built only of “pure” low magnesium calcite without the substitution of magnesium. A limestone containing carbonate phases rich in magnesium could be applied as a sorbent in a dry method of flue gas desulfurization. Then, the combustion of coal takes place in the Fluidized Bed Reactor [21,39,40,48,49]. The efficiency of the method using a Fluidized Bed Reactor is 95%. Using this method, flue gas desulfurization is running in a bed that contains a fluidized stream of air including very small grains of fly ash, particles of sorbent and fuel.



In the case of using a limestone built only of low-Mg calcite as a sorbent, two chemical reactions run during flue gas dry desulfurization [39,40]. The reactions are presented below.



Disintegration of CaCO3. (calcination) (890 °C)


CaCO3 = CaO + CO2



(1)







Binding of SO2 by CaO. CaSO4 is formed


CaO + SO2 + 0.5 O2 = CaSO4



(2)







Three chemical reactions run during the desulfurization process, if dolomite is used as a sorbent [39,40]. The reactions are presented below.



Dolomite disintegration


CaCO3·MgCO3 = CaCO3 + MgCO3



(3)







Carbonates calcination


MgCO3 = MgO + CO2 (750 °C)



(4)






CaCO3 = CaO + CO2 (890 °C)



(5)







Reaction of binding SO2 by decarbonates


CaO + SO2 + 0.5 O2 = CaSO4



(6)






2MgO + SO2 + 0.5 O2 = MgSO4 + MgO



(7)







If dolomite is used as a sorbent for flue gas desulfurization in power stations, the efficiency of the process is much better. It is connected with the decarbonization of dolomite in lower temperatures than the decarbonization temperature of calcite. Then, the reaction of decarbonates with flue gases starts earlier and the time of the reaction is longer. However, the dolomite is characterized by worse physical properties (for example, hardness). Moreover, a periclase is present in the post-reaction product. That is the reason that dolomite is very seldom used as a sorbent for flue gas desulfurization in power stations in Poland. Therefore, instead of dolomite, it will be better to use a limestone that contains, apart from low magnesium calcite, carbonates with increased contents of Mg—high-Mg calcite, dolomite and huntite [21,26]. The decarbonization of minerals rich in Mg in lower temperatures is related to the difference in the ion size of calcium and magnesium. It is also connected with the strength of the ionic bonds. The substitution of Mg ions in crystal structures of carbonate minerals causes a weakness in the ionic bond strength. Due to this, the decomposition of the “pure”, low-Mg calcite cell is more difficult and goes slower than the decomposition of the high-Mg calcite cell, the cell of dolomite and also the cell of huntite. Therefore, the decarbonization of carbonate phases with increased Mg contents runs at lower temperatures than the decarbonization of “pure”, low magnesium calcite [21,26]. Lower temperatures of the decarbonization process of carbonate minerals with increased Mg contents cause earlier oxide secretion from carbonates and also the earlier binding of sulfur oxides by decarbonates. The effect of the binding of sulfur oxides by decarbonates is REA (abbreviation from Rauchgas-Entschwefelungs-Anlage) gypsum formation. Thus, applying the sorbent that contains carbonates rich in magnesium causes the flue gas desulfurization to be more effective. Then, a limestone including high magnesium calcite, dolomite and also huntite would be a better sorbent for flue gas desulfurization than a limestone built only of “pure”, low magnesium calcite.



The product of dry desulfurization includes lots of different components [26,39,40,42]. Generally, the following three types of post-reaction products can be distinguished: fly ash, slag and chemical compounds. The compositions of these products are presented below [39,40].



Fly Ash—It is fine grained material built of grains smaller than 0.1 mm. It contains different types of minerals and also a glassy substance. Fly ash contains the following minerals: mullite (the contents from 10% to 20%), quartz (the contents from 4% to 15%), calcite (the contents from 0.8% to 3.4%), hematite (the contents from 2% to 9.5%), magnetite (the contents from 0.9% to 12%), CaO (the contents from 0.6% to 12%), periclase—MgO (the contents from 2% to 3%) and gypsum (the contents from 1% to 2%). Moreover, heavy metals such as As, Be, Cd, Cr, Co, Zn, Pb, Cu, Ni, V are present. Fly ash could also include chemical elements such as Al, Hg, Mn, Se, Tl [37,38,41,42].



Slag—It is coarse-grained material. Its composition is similar to the fly ash components [37,38,41,42].



Chemical compounds—They are usually the products of chemical reactions between SO2 and CaO. They include gypsum (CaSO2·2H2O); anhydrite (CaSO2); calcium sulfate (CaSO3); calcium oxide (CaO); periclase (MgO), when dolomite is used as a sorbent; calcium chloride (CaCl2); aluminosilicates of Ca, K and Mg; ettringite (Ca6Al2[(OH)4SO4]3·24H2O); magnetite (Fe2O3); pyrrhotine (FeS) and particles of sorbent (CaCO3) [37,38,41,42].



When limestone containing only low-Mg calcite is used as a sorbent, the content of MgO is below 2% and then REA-gypsum is formed during flue gas desulfurization. REA-gypsum, after special adaptation, is used usually in building construction and in other industries [42].



However, before using, REA-gypsum must be specially adapted depending on the type of application [21,26,37,42,48,49]. If limestone that contains, apart from low-Mg calcite, carbonates with increased Mg contents (high magnesium calcite, dolomite, huntite) is applied as a sorbent in flue gas desulfurization, the post-reaction product will contain, apart from calcium phases such as gypsum and anhydrite, magnesium phases, which are also formed when dolomite is used as a sorbent. In this case, it will be necessary to examine the post-reaction product that includes magnesium sulfates and periclase to determine the possibilities of its use. Application of flue gas desulfurization is very important. It is connected with application of hard coal or brown coal as the main sources of energy in Polish power stations but also in power stations in other countries. Polish coals but also coals of other countries contain an increased content of sulfur. Therefore, in power plants, flue gas desulfurization must be applied to reduce the emission of sulfur oxides released into the atmosphere during coal combustion [21,26,43,44]. It is a way of protecting the air from the pollution and contamination. The sulfur oxides are usually secreted during energy production when coal is applied as the energy source. However, the application of a sorbent including carbonate phases rich in magnesium such as high magnesium calcite, dolomite and huntite could cause the flue gas desulfurization to be much more energy-consuming than in case of a limestone built mainly of low magnesium calcite being used. Moreover, the use of limestone including carbonates rich in Mg as a sorbent may cause an increase in the costs of conducting desulfurization [37,40,48,49]. It could be connected with severe corrosion of equipment in the system and the presence of the post-reaction products that are soluble in water, such as magnesium sulfate. Therefore, it is very important to very carefully analyze and calculate the amount of carbonate phases rich in magnesium that are present in the sorbent applied in flue gas desulfurization, the type of sorbent, and moreover, the type of desulfurization method used in the power station, and estimate the probable post-reaction product that could be formed during the desulfurization process. All these factors should be analyzed before making a decision related to the selection of the type of sorbent, especially the material including carbonates with an increased magnesium content for flue gas desulfurization.






4. Discussion


The main reason for this research was to indicate the possibility of applying limestone including carbonate phases with increased contents of Mg in the process of flue gas desulfurization.



Magnesium is one of the components of high-Mg calcite, protodolomite, ordered dolomite and huntite crystals. These carbonate minerals occur in the Triassic limestones of Opole Silesia [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,49,50,51].



This was demonstrated by the results of the conducted analyses, mainly X-ray diffraction, Fourier Transform Infrared Spectroscopy (FTIR) and X-ray microanalysis (microprobe measurements). On the basis of the X-ray diffraction and the Fourier Spectrometry (FTIR) results, low magnesium calcite, high magnesium calcite, dolomite and also huntite were determined. The results of the X-ray microanalysis (microprobe measurements) confirmed the results of the X-ray diffraction and the Fourier Spectrometry (FTIR). The obtained data show that four carbonates with various contents of Mg built the investigated limestones. Moreover, the identified dolomite can be treated as an ordered dolomite, because the value of its Mg content is close to the stoichiometric value for dolomite (Mg = 13.18%, MgO = 21.86%).



Moreover, a study of sorption properties was conducted. They have been compared with the results of previous studies [18,19,20,21,22,23,24,25,26,27,28,48,49].



The results of the earlier conducted research have shown that an increased content of magnesium in the sorbent has a positive effect on the technological process of flue gas desulfurization using the dry method, especially in the case of desulfurization with the use of the Fluidized Bed Reactor [39,45,48,49]. The presence of magnesium in dolomite has a positive effect on the sorption of sulfur oxides during flue gas desulfurization, due to the fact that dolomite has a calcination temperature lower than calcite by 200 K, and the decomposition process runs in stages [39,52,53,54]. Therefore, magnesium calcite, dolomite and huntite will undergo calcination at lower temperatures than “pure” (low magnesium) calcite.



The MgCO3 of dolomite decomposition runs in the temperature range of 600–750 °C (873–1023 K), while the still undecomposed calcium carbonate contains admixtures of magnesium carbonate (MgCO3·nCaCO3) in the form of a solid solution [54].



This reaction is illustrated by the following equation [26]:


CaMg(CO3)2 = CaMg(1−x)(CO3)(2−x) + xMgO + xCO2 (periclase)



(8)







As the temperature increases, the remaining calcium carbonate particles decompose with the simultaneous secretion of CaO and MgO. The process of the decomposition of a calcium carbonate containing the substitutions of magnesium ions, will, however, start at temperatures lower than in the case of the decomposition of “pure” calcium carbonate (min. before 890 °C—1163 K). This is due to the fact that the structure of a solid solution containing magnesium ions, with a smaller ion radius than calcium ions, is unstable [40,41,48,49,50,51,55,56]. When the temperature in the combustion chamber increases, the specific surface of the sorbent grains is reduced due to the narrowing of the lattice parameters and the reduction in porosity. This results in the sintering of the sorbent grains [54].



The decrease in the surface area of CaO, which absorbs sulfur oxides, restricts the kinetics of the reaction. As a result of the ongoing process, calcium sulphate or sulphite is formed, which “closes” the decarbonate conglomerate, preventing a further sorption reaction. The presence of magnesium in the sorbent, bound in carbonates, causes the decomposition of these carbonate crystals at lower temperatures than “pure” calcite. Therefore, the reaction time of the decarbonate with sulfur oxides is longer [40,41,48,49,56].



When analyzing the previous results of the research, it can be assumed that the calcination of the sorbent containing high magnesium calcite, dolomite and huntite will be probably analogous to that of the typical dolomite sorbent. This theory is based on the crystallochemical similarity of magnesium calcite and dolomite crystals [48,54]. Probably, at lower temperatures than is typical for “pure” calcite decomposition, due to the high contents of magnesium, apart from dolomite, huntite will also decompose. Therefore, limestones containing magnesium bound in crystal structures of high-Mg calcite, dolomite and huntite have more favorable properties, from the point of view of the flue gas desulfurization process, than limestones built only of “pure”, low-Mg calcite.



The microprobe measurements conducted in microareas of limestone samples showed that a significant part of magnesium occurs as a substitution in high magnesium calcite crystals; some forms dolomite (consistent with the stoichiometric composition), and a small amount also occurs in huntite crystals.



The magnesium present in the rocks is distributed in various proportions in the high magnesium calcite, protodolomite, ordered dolomite and huntite crystals [48,49]. This may affect the nature of the specific surface of the rock samples tested for sorption properties. The results of sorption tests showed that in some cases an increase in SO2 absorption was observed with an increase in the MgO in the samples. However, this is not such a clear linear trend as was observed during the research on the sorption properties of the limestones of the Karchowice Unit from the Tarnów Opolski area [48,49]. A clear linear trend was observed when the amount of MgO in the sorbent samples exceeded the value of 1%. It is probably connected with a various amount of carbonate phases differentiated in magnesium content. The decarbonization of each of these phases presumably starts at a different temperature. Moreover, the presented results are data obtained during the laboratory study.



The results of the research indicate that it is necessary to conduct additional tests, at least on a semi-technological scale, which would allow the author to determine, more precisely, the effect of MgO content not only on the amount of SO2 absorbed, but also on the effectiveness of the desulfurization process. Increasing the efficiency of the desulfurization process will be connected with the decomposition of magnesium-containing carbonates at lower temperatures than the “pure” calcite [40,41,48,49,56]. Due to this, the process of the sulfur oxide binding would begin earlier. Therefore, it would be better to use the limestones containing an increased magnesium content, because of the presence of carbonate phases with magnesium, than the carbonate sorbent with a permissible content of MgO—2%, especially in the flue gas desulfurization process in power plants using the “dry” desulfurization technology, mainly Fluidized Bed Reactor installations [40,41,48,49].



However, the application of a sorbent including carbonate minerals with an increased Mg content could cause the flue gas desulfurization to be much more energy consuming. Moreover, the use of limestone, including carbonates rich in Mg, as a sorbent may cause an increase in the costs of conducting desulfurization because of the possible severe corrosion of the equipment used in the applied system. However, the use of an appropriate technology may limit the negative impact of the application of a sorbent rich in Mg on the flue gas desulphurization system. However, limestone containing carbonate minerals with an increased Mg content would be a better sorbent than typical dolomite because of the worse physical properties of dolomite, mainly its higher hardness. Besides the higher content of periclase and magnesium sulfates that occur in the post-reaction product, this material is more difficult to use than the material containing principally calcium phases with a low content of magnesium phases, in particular periclase–MgO. Periclase is an inert phase that does not react with other substances. Therefore, its adaptation for application is reduced. However, the periclase is a mineral that is not dangerous for the environment.




5. Conclusions


Based on the research results obtained, the following conclusions were formed, which can be summarized as follows:




	
The research results confirmed the presence of four carbonate minerals in the Triassic limestones of the Opole Silesia in Poland. Some of them present increased Mg contents. They are low magnesium calcite, (Low-Mg calcite), high magnesium calcite (High-Mg calcite), dolomite, mainly ordered dolomite and huntite. The minerals phases are characterized by various magnesium contents.



	
The influence of the magnesium content on the sorption properties of limestones was determined based on the data obtained as a result of the sorption properties research.



	
The results of the research showed that an increased content of magnesium in the sorbent has a positive effect on the technological process of flue gas desulfurization using the dry method, especially in the case of desulfurization with the application of Fluidized Bed Reactors.



	
The positive influence of magnesium presence in sorbent on the desulfurization process is connected with the decarbonization of carbonate phases with magnesium that takes place at temperatures that are lower than the decarbonization temperature of low magnesium calcite.



	
In the process of decarbonization, it is easier to use a calcium carbonate containing the substitutions of magnesium ions. It starts and runs at lower temperatures because the structure of a solid solution containing magnesium ions, with a smaller ion radius than calcium ions, is unstable and decomposition of these phases runs easier and faster.



	
The results of this research indicate that the decomposition of dolomite runs earlier and faster than the decomposition of low-Mg calcite. Therefore, because of magnesium’s presence, the decomposition of high-Mg calcite and huntite will run similarly to the decomposition of dolomite, i.e., earlier and faster than the decomposition of low-Mg calcite.



	
Due to the faster decarbonization of carbonates with magnesium, the desulfurization process will start earlier and at lower temperatures. It will cause an increase in the efficiency of this process.



	
However, the application of a sorbent including carbonate minerals with an increased Mg content could cause the flue gas desulfurization to be much more energy consuming. Moreover, the use of this type of sorbent may cause an increase in the costs of conducting desulfurization because of the possible severe corrosion of the equipment used in the applied system. However, the use of an appropriate technology may limit the negative impact of using limestone containing carbonates rich in magnesium as a sorbent in the system of flue gas desulfurization.



	
Moreover, the presence of periclase in the post-reaction product may restrict the use of this product in some branches of the industry. However, the periclase is an inert material that does not react with other substances, and it is not dangerous for the environment. Therefore, the proper preparation of the post-reaction product including periclase will allow to use this product.



	
To sum up, on the basis of the research results and their analysis, it should be stated that limestones containing carbonate minerals with an increased Mg content will be a better sorbent than “pure” limestone, which is built mainly of low magnesium calcite.
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Figure 1. Geological simplified map of the central area of Opole Silesia, according to Niedźwiedzki [33], modified by Stanienda [21]. a—Lower Carboniferous (greywackes); b—Middle Buntsandstein (sandstones and mudstones); c—Upper Buntstandstein (Roethian) (limestones, dolomites and marls); d—Gogolin Beds (limestones and marls); e—Górażdże Beds (limestones), Terebratula Beds and Karchowice Beds (limestones); f—Jemielnice Beds (dolomites); g—Rybna Beds and Boruszowice Beds (limestones and dolomites); h—Keuper (claystones, mudstones and sandstones); i—Rhaetian (claystones); j—Upper Cretaceous (sandstones, marls and limestones); k—Neogene (sandstones, clays and gravels); l—Tertiary (basalts); m—faults; n—stratigraphic boundaries; o—important quarries: 1–11—quarries and outcrops: 1—Błotnica Strzelecka; 2—Dziewkowice; 3—Szymiszów; 4—Góra Św. Anny and Wysoka; 5—Ligota Dolna and Kamienna; 6—Tarnów Opolski; 7—Kamień Śląski; 8—Górażdże and Kamionek; 9—Malnia; 10—Chorula; 11—Rogów Opolski areas of sampling. 
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Figure 2. Diffractogram of sample G2, limestone of Gogolin Unit taken in the Gogolin Quarry [24]. 
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Figure 3. Diffractogram of sample W1, limestone of the Górażdże Unit taken in the Wysoka Quarry [24]. 
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Figure 4. Diffractogram of sample S7, limestone of the Dziewkowice Unit taken in the Szymiszów Quarry [24]. 
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Figure 5. Diffractogram of sample SO14, limestone of the Karchowice Unit taken in the Strzelce Opolskie Quarry [24]. 
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Figure 6. Derivatogram of sample SO14, limestone of the Karchowice Unit taken in the Strzelce Opolskie Quarry [21]. 
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Figure 7. Derivatogram of sample S8, limestone of the Dziewkowice Unit taken in the Szymiszów Quarry [21]. 
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Figure 8. Derivatogram of sample SA2, limestone of the Karchowice Unit taken in the area of Saint Anne Mountain [21]. 
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Figure 9. Infra-red absorption spectrum of sample G6, limestone of the Gogolin Unit taken in the Gogolin Quarry [21,22,24]. 
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Figure 10. Infra-red absorption spectrum of sample W1, limestone of the Górażdże Unit taken in the Wysoka Quarry [21,22,24]. 
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Figure 11. Infra-red absorption spectrum of sample SO1, limestone of the Dziewkowice Unit taken in the Strzelce Opolskie Quarry [21,22,24]. 
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Figure 12. Infra-red absorption spectrum of sample SO14, limestone of the Karchowice Unit taken in the Strzelce Opolskie Quarry [21,22,24]. 
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Figure 13. BSE image of sample S2, limestone of the Dziewkowice Unit taken in the Szymiszów Quarry. Magn. 2000×, 1–5—points of chemical analysis [21,24]. 
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Figure 14. BSE image of sample SO14, limestone of the Karchowice Unit taken in the Strzelce Opolskie Quarry. Magn. 2000×, 1–8—points of chemical analysis [22,24]. 
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Figure 15. Relation between the amount of sulfur SO2 (%) of the post-reaction product and the MgO (%) content of carbonate sorbent [21]. 
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Figure 16. The amount of absorbed SO2 (%) of the post-reaction product by carbonate sorbent samples with varied content of the MgO (%) [21]. Red line—the trend line of the probable increase. 
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Figure 17. Relation between the amount of sulfur S (%) of the post-reaction product and the MgO (%) content of carbonate sorbent [21]. 
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Figure 18. The amount of absorbed sulfur S (%) of the post-reaction product by carbonate sorbent samples with varied content of MgO (%) [21]. Red line- the trend line of the probable increase. 
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Table 1. Results of the microprobe measurements of sample S2 [21,24].
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Point

	
Mineral

	
Type of Chemical Element (%mass) (Figure 10)

	
Total




	
Number

	
O Normalized

	
C Normalized

	
Mg

	
Si

	
Al

	
Ca

	
K

	
Ba

	
Sr

	
Fe

	
Mn






	
1

	
Ordered Dolomite [Ca0.53,Mg0.47CO3]

	
53.80

	
8.80

	
13.20

	
0.00

	
0.00

	
24.20

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
100.00




	
2

	
High-Mg Calcite (Ca0.60,Mg0.40)CO3

	
54.80

	
8.00

	
10.70

	
0.00

	
0.00

	
26.30

	
0.00

	
0.00

	
0.00

	
0.20

	
0.00

	
100.00




	
3

	
Low-Mg Calcite (Ca0.99,Mg0.01)CO3

	
50.60

	
8.00

	
0.30

	
0.00

	
0.00

	
41.00

	
0.00

	
0.00

	
0.10

	
0.00

	
0.00

	
100.00




	
4

	
Low-Mg Calcite (Ca0.99,Mg0.01)CO3

	
46.70

	
11.60

	
0.20

	
0.00

	
0.00

	
41.50

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
100.00




	
5

	
High-Mg Calcite (Ca0.77,Mg0.23)CO3

	
45.90

	
8.60

	
7.10

	
0.00

	
0.00

	
38.40

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
100.00
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Table 2. Results of the microprobe measurements of a sample SO14 [22,24].
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Point

	
Mineral

	
Type of Chemical Element (%mass) (Figure 11)

	
Total




	
Number

	
O Normalized

	
C Normalized

	
Mg

	
Si

	
Al

	
Ca

	
K

	
Ba

	
Sr

	
Fe

	
Mn






	
1

	
Huntite [Ca0.48,Mg0.52CO3]

	
48.36

	
11.543

	
14.04

	
0.00

	
0.029

	
25.19

	
0.00

	
0.00

	
0.024

	
0.814

	
0.00

	
100.00




	
2

	
Huntite [Ca0.47,Mg0.53CO3]

	
47.32

	
12.902

	
14.01

	
0.00

	
0.017

	
24.78

	
0.00

	
0.00

	
0.00

	
0.971

	
0.00

	
100.00




	
3

	
Ordered Dolomite [Ca0.53,Mg0.47CO3]

	
49.02

	
11.526

	
13.42

	
0.00

	
0.017

	
24.87

	
0.010

	
0.00

	
0.00

	
1.093

	
0.044

	
100.00




	
4

	
Huntite [Ca0.46,Mg0.54CO3]

	
46.59

	
12.187

	
14.72

	
0.00

	
0.033

	
24.99

	
0.001

	
0.080

	
0.00

	
1.399

	
0.000

	
100.00




	
5

	
Huntite [Ca0.48,Mg0.52CO3]

	
45.60

	
12.36

	
15.92

	
0.005

	
0.025

	
24.78

	
0.00

	
0.00

	
0.017

	
1.266

	
0.027

	
100.00




	
6

	
Low-Mg Calcite (Ca0.99,Mg0.01)CO3

	
42.82

	
14.967

	
0.186

	
0.00

	
0.017

	
41.88

	
0.00

	
0.00

	
0.00

	
0.109

	
0.021

	
100.00




	
7

	
Low-Mg Calcite (Ca0.99,Mg0.01)CO3

	
44.71

	
12.495

	
0.159

	
0.00

	
0.00

	
42.53

	
0.00

	
0.00

	
0.00

	
0.106

	
0.00

	
100.00




	
8

	
Low-Mg Calcite CaCO3

	
43.18

	
12.445

	
0.104

	
0.00

	
0.00

	
44.02

	
0.00

	
0.008

	
0.00

	
0.238

	
0.005

	
100.00
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Table 3. Results of sorption tests [21].






Table 3. Results of sorption tests [21].





	
No

	
Unit

	
Sample Number

	
MgO (%)

	
Sample Weight (g)

	
Drying Temperature (K)

	
Calcination Temperature (K)

	
SO2 Stream Flowing through the Installation (mg/min)

	
Quantity of S in a Post-Absorbent Product (%)

	
The Amount of SO2 Absorbed during the Test






	
1

	
Gogolin Unit

	
G1

	
0.83

	
3.1835

	
378

	
1223

	
7.31

	
0.43

	
0.86




	
2

	
G6

	
0.22

	
5.0632

	
378

	
1223

	
7.81

	
0.27

	
0.54




	
3

	
LD9

	
0.90

	
2.5265

	
378

	
1223

	
7.39

	
0.38

	
0.76




	
4

	
LD11

	
0.80

	
1.9895

	
378

	
1223

	
4.60

	
0.31

	
0.62




	
5

	
Górażdże Unit

	
W1

	
0.99

	
2.5647

	
378

	
1223

	
7.86

	
0.25

	
0.50




	
6

	
W5

	
0.99

	
2.5379

	
378

	
1223

	
8.23

	
0.18

	
0.36




	
7

	
SA5

	
0.36

	
2.0750

	
378

	
1223

	
8.46

	
0.26

	
0.52




	
8

	
Dziewkowice Unit

	
SA12

	
0.80

	
2.1472

	
378

	
1223

	
8.77

	
0.24

	
0.48




	
9

	
S8

	
0.85

	
4.5833

	
378

	
1223

	
6.63

	
0.24

	
0.48




	
10

	
SO1

	
0,.76

	
2.3942

	
378

	
1223

	
8.16

	
0.34

	
0.68




	
11

	
Karchowice Unit

	
SA2

	
5.67

	
1.7481

	
378

	
1223

	
9.38

	
0.28

	
0.56




	
12

	
SO14

	
6.98

	
2.3891

	
378

	
1223

	
5.39

	
0.30

	
0.60




	
13

	
SO17

	
8.72

	
3.3464

	
378

	
1223

	
5.24

	
0.31

	
0.62




	
14

	
SO20

	
0.89

	
4.1621

	
378

	
1223

	
8.23

	
0.37

	
0.74
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