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Abstract

:

The utilization of high-calcium fly ashes (HCFA) from coal-fired power plants in the construction industry is problematic, since their high free lime contents can lead to durability problems. In this research, the carbonation of a high-CaO fly ash has been carried out using simulated flue gas and concentrated CO2, with the aim to assess the valorization potential of such materials in the construction industry. The results show that, at 7 bars total pressure, an up to 36% carbonation efficiency can be achieved in just 30 min when pure CO2 is used; a comparable result with flue gas requires about 4 h of reaction. On the other hand, experiments carried out at atmospheric pressure show significantly different carbonation efficiencies depending on the CO2 concentration of the gas used. All experiments resulted in a substantial reduction in the original free lime content, and after reaction times of 4 h (at atmospheric pressure) and pressures of 7 bars (for any reaction time >30 min), the final free lime values were low enough to comply with the requirements of European Standards for their utilization as additions in cement.
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1. Introduction


The utilization of Coal Combustion Products (CCPs) in Europe is a subject of the requirements for different standards imposed by the national authorities. One of the main products among the CCPs is fly ash—inorganic residue remaining after combustion. Based on its composition, fly ash is divided mainly into two groups: siliceous fly ash, containing 70 wt.% of SiO2 + Al2O3 + Fe2O3, and high-calcium calcareous fly ash (HCFA), with SiO2 + Al2O3 + Fe2O3 between 50 and 70% [1]. HCFA is usually rich in calcium oxide (10–50%) and due to this, the utilization possibilities of this waste are limited. With the worldwide production of 675 mln tonnes, 80% of siliceous fly ash and only 20% of HCFA are utilized [2]. The general standardization of the use of fly ash in the construction industry is called ‘450-1:2012—Fly ash for concrete. Definition, specifications and conformity criteria’ and the main requirements of it are shown in Table 1 [3,4].



In Europe, with the significant use of lignite coal, the amount of produced HCFA is very high in countries such as: Germany, Greece, Poland, Serbia and Czech Republic [5]. Since the HCFA does not meet the standards imposed by the EU 450-1:2012, it only has a few applications [3,6,7,8,9,10]. As the use of coal for energy production is still increasing, more ash is produced every year and the disposal of this waste is becoming an environmental issue [11]). Regulations regarding the fly ash admixtures to cement are imposed due to the high content of lime present in the ash. As the major compound of cement is lime, using HCFA as an additive will additionally increase the lime content. During the concrete curing process, additional lime could add to the hardening behavior of the concrete mixture as the calcium compounds take part in cementitious and pozzolanic reactions [12]. Additionally, there are many factors influencing the final fly ash composition [13] and the possible variations in lime content make adding this type of fly ash to cement problematic [14]. According to Table 1, which presents the chosen requirements for fly ash application to cement’s maximum value of free calcium oxide, the contents of fly ash should be less or equal to 1.5%. If this value is higher, additional tests for soundness have to be performed.



On the other hand, increased amounts of CaO in HCFA can be carbonated during the mineral carbonation process. In this reaction, carbon dioxide reacts with the alkali-bearing materials and is converted into a thermostable product-carbonate. In recent research, both natural minerals [15,16,17] and also industrial wastes [18,19,20] have been considered. It is a well-established fact that in order to improve the kinetics of the carbonation process, it has to be accelerated [21,22]. In the case of HCFA, mineral carbonation, in addition to utilizing CO2, might also lead to the decrease in free lime by its transformation to calcium carbonate. Eventually, carbonated fly ash could be used as admixture for the cement production [23,24]. The literature on this shows that there is much interest in HCFA carbonation [22,25,26] and the use of carbonated fly ash in cement production [24,27]. It has been approximated that the addition of 5% of carbonated fly ash as cement admixture could save USD 1.96 on 1 ton of cement produced [24].



Following our previous results [28,29], the studies have been extended to performing carbonation with simulated flue gas (84% N2, 15% CO2 and 1% H2O) [30,31] and comparing the results with the same experiments using concentrated CO2. Capturing CO2 as an initial step is avoided if flue gas is used instead of concentrated CO2 for mineral carbonation reactions [32,33,34,35]. The experiments were conducted under atmospheric and 7 bars pressure at 160 °C during reaction times of 0.5–4 h. In addition to the general analysis of materials before and after the experiment, a free lime determination test was conducted in order to reveal the decrease in calcium oxide content. Therefore, this research has two objectives. Firstly, to determine the CO2 utilization in waste fly ash by using flue gas. Both reactants for this process are produced at a power plant site and a carbonation reactor could be easily added as a part of flue gas and ash treatment. Additionally, using flue gas for carbonation instead of a pure stream of CO2 would save the cost of the gas stream separation [36]. Our decond objective is to decrease the free lime in HCFA to the values compatible with EU 450-1:2012. The carbonation of lime has been extensively studied for the capture of carbon dioxide from many different gas streams including flue gases [37].




2. Test materials and Methods


2.1. Test Materials


Experiments were conducted on the fly ashes resulting from combustion of lignite coal from the Main and Northern lignite fields in the Ptolemaida power station, Ptolemais, Greece. It has 660 MWe installed electrical power and consists of 5 electric blocks equipped with electrostatic precipitators. The chemical composition of the fly ash is shown in Table 2. In a first approximation, if all of the calcium of the samples is considered to be accessible for carbonation, the theoretical maximum CO2 sequestration capacity amounts to 277.1 g CO2/kg fly ash. As discussed below, the initial CO2 content of the sample is 1.4%. XRD analysis of received fly ash shows the presence of lime (CaO), quartz (SiO2), gehlenite (Ca2Al2SiO7), anhydrite (CaSO4) and calcite (CaCO3).




2.2. Methods


Experiments were conducted using the designed apparatus described in [32] at 160 °C, using either a pure stream of CO2 or a mix of 84% N2, 15% CO2 and 1% H2O (heretofore referred to as simulated flue gas), at atmospheric and 7 bars pressure over 0.5, 1, 2 and 4 h. Appropriate flow rates of CO2 and N2 were calculated and used throughout the experiment in order to achieve the chosen gas mixture. Addition of water vapor was carried out through an external bubbler connected to the gas pipeline.



X-ray fluorescence spectroscopy (XRF) analyses were performed on a UniQuant machine from Thermo Fisher Scientific™ using the fusion bead method. Prior to each experiment, the fly ash samples were heated for 2 h at 1000 °C. The mineral composition of the material was determined by powder diffraction (XRD) method with a Bruker D8™ advanced diffractometer, equipped with a theta-theta goniometer, in the 2θ range from 20° to 60° and with a step size of 0.02° per second. Characterization of the starting and carbonated materials by Fourier-Transform Infrared Spectroscopy (FTIR) was carried out with a FTIR Nicolet 6700™ spectrometer. An attenuated total reflection (ATR) module was used to record spectra on a germanium crystal. Temperature programmed desorption of CO2 (CO2-TPD) data were acquired with a BELCAT-MTM instrument, equipped with a thermal conductivity detector, at a heating rate of 10 °C/min from room temperature to 850 °C, under a He flow of 50mL/min. Scanning electron microscopy (SEM) images of powder samples were obtained with a crossbeam workstation Zeiss Neon 40™, equipped with an INCAPentaFET energy dispersive X-ray (EDx) system for elemental analysis, operated at 5 keV.





3. Results and Discussion


3.1. Analysis of the Material before and after Experiment


The results of the X-ray diffraction of materials treated with simulated flue gas and pure CO2 are shown in Figure 1. Calcite’s presence becomes evident after 0.5 h of reaction at atmospheric pressure using flue gas. Additionally, portlandite XRD peaks [38] were identified in samples carbonated for 0.5 h at atmospheric pressure using flue gas or concentrated CO2, as well as after 4 h in the reaction with flue gas. Upon carbonation, lime peaks positioned at 2θ of 37.5° and 54° [39] disappeared and calcite emerged, suggesting that lime is a precursor of calcite. Moreover, the hydration of lime to form portlandite was also observed, particularly in experiments carried out at atmospheric pressure. This process fixes easily accessible Ca within portlandite instead of calcite, which is undesirable. At higher pressures, the competing hydration and carbonation of lime is not observed as portlandite features are not identified, either indicating that the lime has directly carbonated into calcite or underwent hydration followed by the carbonation of this hydrated product.



This observation is also supported by the FTIR results (Figure 2). One of the characteristic absorption bands from silicious components of this fly ash occurs at ~1119 cm−1 (stretching vibration of Si–O); similar bands at the same position and intensity were identified in carbonated and untreated samples [40]. Furthermore, the characteristic absorption bands for calcite at ~872 cm−1 and ~1423 cm−1 [41] were observed to increase in intensity from the starting materials to the reaction products, indicating the progressive formation of carbonates as the reaction proceeds. Untreated fly ashes have pre-existing carbonates, which probably originated when fresh fly ash reacted with atmospheric CO2 during storage, before sampling these materials for the experiments. Such carbonates were hardly detected by XRD analysis, which is probably due to their poor abundance and/or the presence of amorphous Ca-carbonates.



The morphologies of the starting and carbonated materials were studied by SEM (Figure 3). The most abundant components of the HCFA are round to semi-spherical cenospheres, composed mainly of aluminosilicate glass and quartz [42,43]. The observed platy features are portlandite crystals, based on the morphology features [44] and the mineralogy observed with XRD (Figure 3b). Upon reaction with CO2 during the flue gas experiments, aggregates of rhombohedric crystals were identified and attributed to newly formed carbonates (Figure 3c,d) [38,45,46]. In agreement with previous observations, rhombohedric calcite appears to cover the entire surface of the cenospheres upon carbonation (Figure 3d). This is particularly evident when comparing cenospheres in as-received (Figure 3a) and treated fly ashes (Figure 3c,d).



Additional insights on the progress of the carbonation reaction can be gained from TPD analysis. Figure 4 exhibits the derivative weight changes as a function of temperature in the range of 30–850 °C. Untreated samples of fly ash are characterized by only one stage of mass loss, starting at 600 °C, that corresponds to precursor carbonates in the fly ash due to natural carbonation. In the treated samples, three different mass loss stages can be identified. The first one, starting at 400 °C, can be attributed to portlandite decomposition, which was created during the hydration of original CaO [47]. The formation of portlandite could affect the final carbonation efficiency, as the Ca in lime is fixed by hydration in portlandite and by carbonation in calcite. At higher temperatures, carbonate decomposition can occur in the range from 600 to 650 °C, leading to a much higher mass loss when compared with the untreated fly ash. The subsequent stage observed at T > 650 °C (illustrated by the positive slope of the TPD curve) indicates that further decomposition of more thermally stable carbonates continues beyond the studied temperature range, in agreement with Cwik et al., 2018 [28], due to differences in particle size and/or the presence of amorphous calcium carbonate, known to decompose at higher temperatures [48,49].




3.2. Carbonation Efficiency


Temperature programmed desorption data were used to calculate CO2 sequestration capacity and carbonation efficiency. Based on [46,47], the following equations were used:


   C  O 2 0    (   wt %   )  =   Δ  m  600 – 850 ˚ C , 0      m  105 ˚ C , 0       ×   100  
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where   C  O 2 0    (wt%) and   C  O 2   (   wt %   )    are the CO2 content of the starting and carbonated materials,    m  105 ˚ C , 0     (g) and    m  105 ˚ C     (g) are the dry weight of the initial and carbonated sample at 105 ˚C, respectively,   Δ  m  600 – 850 ˚ C , 0     (g) and   Δ  m  600 – 850 ˚ C     (g) are the weight loss between 600 and 850 °C for the initial and carbonated sample, respectively, and   Δ   m ′   600 – 950 ˚ C     represents the mass loss due to CO2 release upon calcining the carbonated samples. The carbonation efficiency was calculated from the values obtained for the sequestration capacity and is expressed as a percentage of the maximum theoretical value. The results are shown in Figure 5. It should be noted that the decomposition of calcium carbonates might reach higher temperatures than those presented in this study [28]. Therefore, the calculated carbonation efficiency is likely be lower than that actually obtained.



The study of the evolution of the carbonation over time shed light on the reaction development. The experiments with pure CO2, maintained for 0.5 h at 7 bars, yielded a carbonation efficiency of 36%. This value did not increase after longer reaction times, strongly suggesting that most of the carbonation is completed in the first 30 min. Using the simulated flue gas mixture at this pressure yielded a carbonation efficiency of 28%. In this case, a slight increase up to 34% was observed after 4 h of reaction, reaching values very similar (within 2%) to those observed in concentrated CO2 experiments.



At atmospheric pressure, the experiment carried out with concentrated CO2 yielded an 18% carbonation efficiency after 0.5 h, and 28% after 4 h. On the other hand, the reaction with simulated flue gas resulted in efficiencies of 13% and 19%, after 30 min and 4 h, respectively. For reactions maintained at atmospheric pressure, the difference in final carbonation efficiency between concentrated CO2 and flue gas is more significant than at 7 bars. The presence of small amounts of water vapor in simulated flue gas accelerates the carbonation, as was proven in other studies [50,51]. The results from this work show that pressure is the main factor controlling the progress of the carbonation reaction, when temperature is constant, and that the rate is largely independent from the CO2 concentration of the gas, in agreement with previous investigations [52,53,54].



Other important factors impacting the final carbonation efficiency are the free lime content and presence of Ca in Ca-bearing compounds, described in the next section.




3.3. Free Lime Determination


One of the main objectives of studying the extent of carbonation of high-Ca fly ashes is to assess their valorization as a potential addition to cementitious materials. However, the free lime content is a limiting factor for such applications, since an excess of CaO may lead to delayed durability problems in cement-based materials. Some studies show that free lime content in fly ash, up to 4.5%, might have a slight effect on the fly ash–cement mixtures [55]. This effect was due to a faster setting, higher compressive strength and higher autoclave expansion. In more recent studies, fly ashes with up to 10 wt.% free lime were tested as additions to cement and no effect on characteristic compressive strength was observed [56]. Other authors [27] suggest that contents of 3–6% should not be problematic. Nevertheless, current European regulations [3] ban the use of HCFA in cement, as the maximum allowed free lime content for cement additions is 1.5 wt.%. The strategy used in this work is lowering their free lime contents (through carbonation with either concentrated CO2 or flue gas) to values that will eventually permit the utilization of such fly ashes in the cement industry.



In this work, the amount of CaO in the studied samples has been determined following the procedure in Spanish UNE Standard 80-243-86. For this, 1 g of fly ash sample was mixed with 50 mL of ethylene glycol and set in a water bath at 70 °C for 30 min. Then, the mixture was filtered under reduced pressure and the filtrate was titrated with a 10 N HCl solution. A couple drops of Brome-cresol solution were added to the filtrate to change its color to blue. Then, the acid solution was slowly added to the filtrate until a change of color from blue to greenish yellow was observed. The total volume of HCl solution used was used to calculate the free lime content according to:


  F r e e   C a O    ( % )  =     H C l  (  mL  )    ×     0.3645  (   g  mL    )    s a m p l e   w e i g h t  ( g )     



(4)







The results for samples carbonated with flue gas and concentrated CO2 at atmospheric and 7 bars pressure, over 0.5 and 4h, are shown in Figure 6. The starting material (untreated fly ash) is characterized by a total free lime content of 9.9 wt.%. After carbonation with either simulated flue gas or pure CO2, all samples have experienced a significant decrease with respect to their initial free lime contents. Experiments at atmospheric pressure and 30 min yielded final free lime contents of 3.1 and 2.7 wt.% for flue gas and concentrated CO2, respectively. All the other experiments (longer reaction times at atmospheric pressure and at 7 bars), resulted in partially carbonated fly ash with final free lime contents lower than 1.0 wt% and, therefore, within the range established by European regulations for their utilization as additions to cement. Our results suggest that, even at atmospheric pressure, reaction times not exceeding 4 h should be enough to bring all treated materials to compliance with current regulations for utilization of HCFA in the cement industry.



The achieved carbonation efficiencies and free lime determination studies show that carbonation could not only be limited to free lime, but also to other Ca-bearing compounds. These compounds, however, might react at a much slower rate, owing to their slower dissolution rates when compared to free lime minerals [57].



The SEM-EDx analysis of the received fly ash shows that cenospheres contain little Ca (Figure A1). The observed presence of Ca is associated with anhydrite, which is found on the surface of this cenosphere. Therefore, cenospheres are not likely contributing to the carbonation reaction, despite their foreseen high reactivity due to their amorphous nature and the presence of carbonates on their surface upon carbonation (Figure 3a,d). Thus, the potential phases that can partially contribute to the obtained carbonation are anyhydrate and/or gehlenite.





4. Conclusions


In this work, the carbonation of HCFA at 160 °C at atmospheric 7 bars pressure of CO2-simulated flue gas over 0.5–4 h was examined. The conducted analysis demonstrates that the carbonation occurred with at least 36% efficiency. The CO2 sequestration capacity of fly ash in these process conditions is 101 g CO2/kg fly ash. Maintaining the reaction over different reaction times showed that at an elevated pressure, the reaction rate of carbonation is the highest during the first 0.5 h. At atmospheric pressure, the reactions shift towards longer reaction times. It was found that carbonation by simulated flue gas leads to almost the same carbonation efficiency as concentrated CO2 at increased pressures.



The free lime evaluation test identified contents of free lime in untreated and carbonated fly ash samples. It is concluded that the carbonation process leads to a decrease in free lime content in fly ash to the values below 1.5% for both cases that used pure CO2 and flue gas.



These findings show the potential for the application of the carbonation technique at power plant sites where fly ash could be carbonated by flue gas. Using flue gas for carbonation avoids the costs of separate CO2 capture systems at power plants and pre-concentration of the gas [56]. In consequence, emissions from the coal plant would be decreased and HCFA would have the optimal utilization pathway.



The simulated flue gas used in our current work contained 15% carbon dioxide, 1% water vapor, and 84% nitrogen. An untreated coal-derived flue gas can contain: 13–16% carbon dioxide; 5–7% water vapor; 3–4% oxygen; 100–2000 ppm sulfur dioxide; 1–40 ppm sulfur trioxide; 20–500 ppm nitrogen oxides; 10–100 ppm hydrogen chloride; 20 ppm carbon monoxide; 10 ppm hydrocarbons; 1 ppb total mercury; entrained fly ash particulates; and approximately 73% nitrogen [58,59]. The impacts of the higher levels of moisture and the acid gases, such as hydrogen chloride, sulfur oxides, and nitrogen oxides, can be examined in future research. In addition, the rate of chemical reaction to form carbonate will be impacted by temperature, particle size, and mixing. These factors can also be studied in future work.







Author Contributions


Conceptualization, K.R. and A.Ć; methodology, K.R.; investigation, K.R. and A.Ć.; data, K.R., A.Ć.; supervision, I.C. and K.Z.; validation A.Ć.; writing—review and editing, K.R., A.Ć, I.C. and K.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work has been partially funded by the Government of Catalonia through the FI-2017 program for the recruitment of early-stage researchers. Contract number: 2017 FI_B00129 (K.R.) and by the Erasmus Mundus Joint Doctoral Programme on Environomical Pathways to Sustainable Energy Services (SELECTp; A. C.). Grant ENE2015-63969-C3-1-R (Spanish Government; IC co-I) and AGH grant number 16.16.210.476 (KZ).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This research has been carried out in the facilities of the Institute of Energy Technologies and the Barcelona Research Center for Multiscale Science and Engineering, in collaboration with UPC, Universitat Politècnica de Catalunya and AGH, University of Science and Technology. We also want to thank Nikolaus Koukouzas for distributing samples for this research. We appreciate the comments of two anonymous reviewers for their constructive comments.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Crystals 11 01314 g0a1 550] 





Figure A1. SEM-EDx analysis of a cenosphere from received fly ash. This cenosphere is mainly composed of Al, Fe, Si and Mg. The presence of anhydrite is also observed on this cenospheres as evidenced by the concurring presence of Ca and S, taking into account the composition and possible phases identified with XRD (Figure 1). 
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Figure 1. XRD analysis of fly ash carbonated using concentrated CO2 and flue gas over 0.5 and 4 h at (a) atmospheric and (b) 7 bars pressure. C—calcite, L—lime, P—portlandite. ash occurs. 
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Figure 2. FTIR-ATR analysis of untreated and carbonated fly ash samples. 
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Figure 3. Representative SEM pictures of the (a,b) starting material, (c) concentrated CO2 carbonated materials at 7 bars over 4 h and (d) close-up of Figure 3c, showing rhombohedral calcite crystals. 
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Figure 4. TPD results of the starting and carbonated materials. 
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Figure 5. Carbonation efficiency (%) and CO2 uptake (wt%) of the samples, calculated on the basis of TPD analysis for samples treated under conditions of different pressures, times of reaction and CO2 concentrations. 
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Figure 6. Free lime determination results for carbonates fly ash samples. The dashed line indicates the maximum free lime content allowed by EN 450-1:2013. 
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Table 1. Chosen requirements for fly ash according to the EN 450-1:2013. LOI—lost on ignition.
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	Property of Fly Ash
	Unit
	Requirement Accord. 450-1:2012





	LOI
	% by mass
	5–9 (depending on class)



	water requirement
	%
	≤95



	total phosphate (P2O5)
	mg/kg
	≤5



	sum SiO2 + Al2O3 + Fe2O3
	% by mass
	≥70



	total content of alkalis
	%
	≤5



	reactive CaO
	%
	≤10



	sulphate (SO3)
	%
	≤3



	free CaO
	%
	if ≥1.5%, fly ash is checked for soundness



	soundness
	mm
	≤10



	magnesium oxide MgO
	% by mass
	≤4



	chloride (Cl−)
	% by mass
	≤0.10
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Table 2. Chemical analysis of the tested fly ash.
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	Compound
	% Content





	CaO
	35.27



	SiO2
	33.11



	Al2O3
	13.76



	MgO
	3.21



	Na2O
	1.33



	SO3
	4.98



	K2O
	0.95



	Fe2O3
	5.72



	TiO2
	0.67



	P2O5
	0.35
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