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Abstract

:

The incorporation of coal fly ash (CFA) in fired clay bricks (FCBs), as a clay replacement, contributes toward cleaner production practices. CFA disposal is an important issue worldwide due to its huge volume and to its potential negative environmental impacts, and currently does not have a recovery route due to its high concentration in unburned materials. In this study, the impact of the incorporation of two CFA, with different content of unburned carbon, FAA (low LOI) and FAB (high LOI) in FCBs, from a technical and environmental point of view was conducted. Unburned carbon plays an important role on the final properties of FCBs. The thermal decomposition during the firing process promotes an increase of water absorption, decreasing the flexural strength as the porosity increases, although the technical and mechanical properties of samples containing up to 30% FAA and percentages of 20% FAB are acceptable. The leaching behaviour showed an immobilisation of Cr and Se in FCBs while Mo reduced its mobility to values below non-hazardous limits. Acid gas emission values do not exceed the reference emission value, except for SO2 emissions while the level of CO2 emissions must be estimated based on the total annual production of the ceramic factory.
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1. Introduction


Development of innovative solutions of resource efficiency in the construction sector, both in products and in infrastructure works, may include huge amounts of waste and thus promotes the circular economy for a sustainable future and also contributes to achieving the long-term United Nations Sustainable Development Goals [1]. Clay minerals, mainly aluminosilicates, are a resource widely used in industry for their well-known properties such as plasticity, fire resistance, and their wide distribution, but from an environmental engineering point of view, the relevant properties are cation exchange capacity, structure, texture, and surface area. The use of clay minerals as potential sorbent material for organic and inorganic contaminants has increased in recent decades [2]. For example, a sustainable application is the capture of carbon through carbon dioxide adsorption by modified clays [3].



On the other hand, among the many industrial processes in which clay is used is the manufacture of fired clay bricks (FCBs), one of the most extended construction materials [4]. FCBs are frequently produced from non-renewable materials or cementitious materials at high firing temperatures, which implies environmental damage due to the extraction of raw material, GHG emissions, and air pollution globally [5].



The incorporation of industrial wastes in clay based-ceramics, as a clay replacement, contributes toward cleaner production practices, and has been addressed by many scientific works during the last decade [6]. Four groups of waste can mainly be determined according to their nature [7,8]: sludges from different industrial processes [9,10,11]; inorganic waste, mainly from mining and metallurgy waste processes [12,13]; organic waste from paper manufacturing plants and also biomass of different biological activities [14,15,16] and ashes, mainly from coal energy production, and municipal solid waste and biomass incineration [9,17,18,19]. Among all of them, it is important to underline coal fly ash (CFA), which is generated in thermal power plants, typically constituting around 80% of the total ash, and approximately 30% of the mass of coal consumed [20]. It has been estimated that the world’s 2300 coal-fired power station fleet creates approximately one billion tonnes of new fly ash each year [21]. Therefore, the incorporation of CFA in the production of FCBs can be an important application, bearing in mind the large quantities of raw materials needed for FCB production [22]. The valorisation of CFA contributes to the reduction in natural resources extracted as its composition is very similar to that of clay, SiO2, Al2O3, and Fe2O3 with some minor constituents such as CaO and MgO and other inorganic elements. Amorphous material and crystalline phases as well as unburned or partially burned carbon residues represent its mineralogical composition [23]. CFA is considered “non-hazardous” waste according to different regulations (EPA and EU) despite containing metals and metalloids such as, As, Pb, Zn, Ni, Cu, Mn, Cd, Cr, and Se at trace levels [24]. However, due to serious environmental accidents, agencies such as the EPA have questioned the need to include them in a new classification such as special waste (Resource Conservation and Recovery Act, 2008) [25]. Therefore, CFA disposal is an important issue worldwide due to its huge volume and to its potential negative environmental impacts, which requires great disposal fees and the consequent negative Public Relations (PR) of the sector. On the other hand, unburned carbon in CFA is an indicator of defective combustion of the original fuel, mainly due to the ageing of the boilers [26]. CFA can be valuable as a source of activated carbon or a source of coal to return it to the boiler. However, an unburned carbon content greater than 10% considerably reduces its pozzolanic capacity, preventing its recovery in cement and concrete industries [20]. For this reason, in practice, only 30% of the total ash produced in the world is re-used [27]. These limitations in the recovery of ashes in the manufacture of concrete reinforce the need for a more rigorous study of its recovery in other industrial processes, specifically in the ceramic industry. Many studies have investigated the properties of clay-based bricks containing CFA to evaluate the technical performance of FCBs [9,17,28,29,30,31,32,33]. Specifically, the study of the percentage of unburned in CFA on the final properties of FCBs, only Vasic et al. [34] considered it as an input parameter in an artificial neural network model.



On the other hand, there is no harmonisation to determine the environmental behaviour of ceramic products incorporating waste; the most widely used leaching tests to evaluate them at the end of their useful life, as construction and demolition waste (C&DW), whether deposited in landfills or used as secondary raw material, are the compliance tests: TCLP (Toxicity Characteristic Leaching Procedure) [32,35,36] and the Equilibrium Leaching Test EN 12457 [37,38,39,40,41,42,43]. Specifically, in the case of ceramic products manufactured with coal ash, only very few authors [29,32,43] have reported equilibrium leaching test data of heavy metal mobility with different proportions CFA. Only Gupta et al. (2019) [44] showed comparative results of batch and column leaching test of metal release, and the difference between bricks with/without CFA was minimal.



Furthermore, from the point of view of the environmental performance of the process, firing is a critical stage due to emissions into the atmosphere [45]. For this reason, the ceramic industry is included in the pollutant release and transfer register (PRTR), establishing the best available technologies (MTDs) as well as the emission limit values of the process. Considering that the incorporation of waste can affect gaseous emissions, some authors have studied these effects on an industrial scale [37,41,42,46,47,48] and also on a laboratory scale [49,50,51]. However, only very limited information has been obtained on the effects of the composition, mineral transformation, and firing parameters on these emissions.



As highlighted in the review of Zanelli et al. [52], it is essential for a technological transfer to the industrial practice of a correct evaluation of the technical performance of the FCBs incorporating waste as well as an assessment of the environmental behaviour through the leaching test of the final products and gas emissions during the firing process. In this way, there are no works that have performed an integral study of the incorporation of CFAs into FCBs. Therefore, this paper proposes the substitution of part of a virgin raw material such as clay for a residual material that currently does not have a recovery route due to its high concentration in unburned materials. In this research, the incorporation of two coal fly ashes with different content of unburned carbon, with additions varying from 0 to 100 wt% in FCBs was conducted. The technological properties, leaching behaviour, and microstructural characterisation of the final products as well as the estimation of the gas emissions during the firing process were performed with the aim to study the impact of influence of unburned carbon on CFA-FCBs from a technical and environmental point of view.




2. Materials and Methods


2.1. Materials


Two illitic clays (clay A and clay B), currently used as traditional raw materials in two Spanish industrial ceramic processes (face bricks), and two combustion by-products, low calcium fly ashes (ASTM class F), with different contents of unburnt carbon, low (FAA) and high content (FAB) were used in this study. Quarry clays were collected from a two different industrial ceramic companies and fly ashes were supplied by a coal combustion boilers. All are located in Cantabria region, Spain.




2.2. Processing Method


The methodology used in this work is represented in Figure 1. Both clays were subjected to a grinding process to achieve a particle size exceeding 0.5 mm clay A and 1 mm clay B. The mixture of raw materials, fly ash, and clay was realised with a laboratory mixer Raimondi, Iperbet model. The proportions of raw materials were calculated by weight and the necessary water was added to obtain a plastic mixture (between 5 and 10% of moulding water). The mixture was processed by pressing in a hydraulic press Nanetti Mignon model SS/EA, which reaches 200 bar pressure and prismatic moulds with dimensions of 80 × 40 × 20 mm. The samples were dried for 30 h at 105 °C before the firing cycle, using a laboratory muffle furnace Hobersal, PR Model 12/300 capable of ramp temperature versus time of up to 16 points. Industrial firing cycle was provided by the ceramic companies reaching temperatures of 1021 °C for clay A and 1058 °C for clay B.



Table 1 shows the experimental formulations developed. Samples were prepared with the addition of coal fly ash, varying from 0 to 100 wt%. These formulations were studied for both types of coal fly ashes and clays.




2.3. Characterisation of Raw Materials


Elemental analysis and major oxide composition were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) with an ARL Fisons 3410 spectrometer and X-ray fluorescence, respectively, in Activations Laboratories (Ancaster, ON, Canada). The particle size distribution were determined by sieving (ISO series sieves) and weighing. The mineralogical characterisation of all materials was carried out by powder X-ray diffraction (XRD) using a D8 Advance Automatic Diffractometer in Bragg-Brentano geometry. Cu Kα1 radiation (λ = 1.5406 Å) was employed with 0.03° 2θ steps and constant 8 s acquisition time in the 10–90° 2θ range. The effect of temperature was studied on the clays and coal fly ashes at 10 °C/min up to 1200 °C using thermogravimetry (Setaram Setsys Evolution Thermogravimetric Analyser).




2.4. Characterisation of Fired Samples


Fired ceramic products of all replicates were characterised in terms of linear firing shrinkage (using a precision calliper), weight loss during firing (UNE 772–13), water absorption (UNE 67027), bulk density (UNE-EN 772–13:2001), and 3-point flexural strength (UNE-EN 843–1).



Leaching behaviour of potentially hazardous pollutants was determined by applying the equilibrium leaching test EN12457-2 proposed by European regulation. This test was realised for raw materials and fired specimens (three replicates). Samples were milled to below 4 mm and contacted with deionised water, used as the leachant, at a liquid/solid ratio of 10 and 24 h stirring. At the end of the test, samples were filtered, and the leachates analysed. The pH was measured and the concentrations of As, Ba, Cd, Cr, Cu, Mo, Ni, Pb, and Zn in the leachates were determined by inductively coupled plasma mass spectrometry (ICP-MS). These concentrations were compared with the limits established for open landfill conditions (landfill Directive 2003/33/EC) to assess the environmental performance of the construction products at the end of life when they become demolition waste.



The mineralogical characterisation was obtained, as described earlier for the raw materials, by XRD. Microstructural analysis of the clays, coal fly ashes, and fired bricks was carried out by field emission scanning electron microscopy (FESEM) using an accelerating voltage of 20 kV. The microstructural porosity study was performed on polished fracture surfaces, while phase distribution observations were carried out on polished samples, which were subsequently etched for 10 s in a 5% HF solution. Before observation, all samples were coated with a layer of C. The ion distribution between the different crystalline phases was determined by digital X-ray mapping. The mineralogical characterisation was obtained, as described earlier for the raw materials, by XRD.



Finally, the emission of potentially harmful species (HCl, HF, SOx, NOx, CO2) into the atmosphere during the firing of ceramic bricks were determined according to the standard methodology described in the BREF Document on Ceramic Manufacturing Industry. The method involves analysing the raw materials and the fired specimens for potentially polluting elements. The concentration of carbon, sulphur, and nitrogen was determined using a FISONS EA 1108 elemental analyser, and the concentration of halogens (Cl and F) was determined by neutron activation (INAA) and an ion-selective electrode (ISE), respectively, at Activations Laboratories (Canada). Emission values (Ψ) for each element were determined by simple mass balance according to Equation (1). This equation assumes that elemental Cl, F, S, N, and C are released into the atmosphere during the firing process in the form of HCl, HF, SO2, NO2, and CO2, respectively:


   ψ i  = 10,000 ·    M  wi      A  mj     ·       100   100 − LOI     ·  C j r  −  C j f     



(1)




where i is the polluting compounds (HCl, HF, SO2, NO2, CO2) and j is the constituting elements (Cl, F, S, N, and C) of the polluting compounds. Ψi = emission (in mg of compound i per kg of brick produced). LOI = loss on ignition (%). Mwi = molecular weight of the polluting compounds. Amj = atomic mass of the element. Crj = concentration of element (j) in the raw material and Cfj = concentration of element (j) in the fired product.





3. Results and Discussion


3.1. Characterisation of Raw Materials


Table 2 shows the results of the main oxides and elements in all of the raw materials used to form bricks. Clays and FAA had three major oxides (silicon, aluminium, and iron), which represent over 75% of raw materials, whereas FAB represents 61%. The minor fraction consists of eight oxides: manganese, magnesium, calcium, sodium, potassium, titanium, and phosphorus. LOI values obtained for each type of clay were related to the content of unburned carbon. Furthermore, FAA and FAB had a higher content of alkaline, earth alkaline, and iron oxides, which make them suitable for their valorisation in fired clay ceramic bricks due to its melting character.



Particle size of quarry clays was less than 0.5 mm in clay A, and 1 mm in clay B, with average particle sizes of 180 µm and 220 µm, respectively. The particle size distribution of fly ashes is given in Figure 2. FAA had a lower particle size than FAB (average particle size of 65 µm of FAA versus 111 µm of FAB). FAA showed 4% ash particles above 100 microns; 23% of particles between 63 and 100 microns; and 73% of fly ash with a particle size below 63 microns. Instead, FAB had 25% of particles with sizes greater than 100 microns; 23% with sizes between 63 and 100 microns; and 52% of particles with sizes lower than 63 microns.



Mineralogical analysis of raw materials is shown in Figure 3. The mineralogical analysis of clays A and B showed an amorphous fraction in the form of maximum width between 15 and 30 degrees. On the other hand, the crystal phases present were mainly quartz (SiO2), muscovite (KAl3Si3O10(OH)1.8F0.2), dickite (Al2Si2O5(OH)4), and kaolinite (Al2Si2O5(OH)4). These phases can constitute approximately 90% of the total clay, respectively. Furthermore, minority phases are iron oxides (Fe3O4). FAA and FAB showed an amorphous fraction in the form of maximum width, much larger than clays, between 15 and 30 degrees. On the other hand, the crystal phases present were mainly quartz (SiO2), mullite (Al4+2xSi2-2xO10-x being x≈0.4), and anhydrous aluminium silicate (Al2O7Si2). These phases can constitute approximately 70 and 50% of FAA and FAB, respectively. Furthermore, minority phases were dolomite CaMg(CO3)2, calcium aluminate (xCaO yAl2O3 being x and y the number of molecules), calcium silicate (2CaO.SiO2), and iron oxides (Fe3O4).



Figure 4a shows the thermal behaviour during firing (10 °C/min) of clays A and B up to 1200 °C. Thermogravimetric analysis showed the typical clay dehydroxylation process (water of hydration) with a mass loss of 2.33% and 3.57% up to 100 °C, respectively. The second step was around 500–550 °C, which corresponds with the dehydroxylation of clays (aluminosilicate decomposition) with a mass loss of 5.70% and 5.84%, respectively.



Figure 4b represents the thermogravimetry of both FA. The mass loss of 1.55% for FAA and 2.93% for FAB between 100 and 400 °C corresponded to the thermal decomposition of water present in ashes. Between 500 and 700 °C, where the mass loss for FAA was 5.69% and for FAB was 27.91%, this corresponded to the thermal decomposition of carbonates and unburned carbon. In this case, the decomposition of carbonates was due to the presence of dolomite MgCa(CO3)2, which is decomposed into calcium and magnesium oxides and carbon dioxide. The total mass loss due to thermal decomposition of water, carbonates, and unburned carbon for FAA was 7.95% and 30.84% for FAB, much higher due to the high contents of unburned carbon of FAB. The Compliance Leaching test EN 12457-2 was performed in triplicate for raw materials and the results are presented as an average and standard deviation of concentrations in Table 3. For all the pollutants considered on the European landfill regulation, the concentrations in clays A and B were below the inert threshold limit, but for clay A, As was close to the inert limit. Most of the pollutants considered for the FAA and FAB were below the inert threshold limit, except for Cr and Mo, which were below the non-hazardous limit for both ashes. Only Se exceeded the non-hazardous limits and was well below the limit for landfilling hazardous waste landfills.




3.2. Technological Properties of Fired Products


The effect of unburned carbon of fly ash on the linear shrinkage is shown in Figure 5. FAB/clay ceramics present a higher value of linear shrinkage for percentages of fly ash greater than 50%. There was a difference over three units between FAA and FAB for both clays. For concentrations between 10–50% of fly ash, fired clay ceramics with FAB had a linear shrinkage close to the bricks with FAA. The difference between ashes was lower than 0.5 units and presented a linear shrinkage close to the bricks with 100% clay. The same tendency of increasing the linear shrinkage, due to the addition of waste, has been observed in other studies [53].



Weight loss increases as the percentage of FAB increases due to the high carbon contents [31]. Samples were fired up to 1058 °C and at this range, FAB experiences a thermal decomposition of carbonates and unburned carbon [54]. This decomposition supposes a loss of weight and was confirmed with the thermogravimetric analysis (Figure 4). Fired clay bricks with FAA presented results of weight loss close to the bricks made with 100% clay. Percentages of FAA above 60% had slightly higher values due to the thermal decomposition of water and carbonates. The difference between fired bricks was 5 units for 10% of fly ash, while 15 and 20 units for 60% and 90% of FAB, respectively, so unburned carbon significantly influenced the weight loss of fired clay bricks.



Fly ash is less dense than the clays used, thereby lowering the density with increasing the ash content in the bricks. The percentage of ash used considerably affects the densification. The presence of unburned carbon in the fly ash provides less dense bricks. Bricks with 10% of fly ash presented 100 units of difference between FAA and FAB and with 50% had 400 units of difference. With percentages up to 20% of fly ash, results of bulk density were very close between FAA and FAB, regardless of the clay used.



FAB/clay bricks presented higher results of water absorption than FAA. The difference in results between bricks 100% clay and bricks incorporating fly ash was due to the porosity caused by the thermal decomposition of water and carbonates. In this case, FAB is greater due to the higher contents of unburned carbon, which also experiences a thermal decomposition. This thermal decomposition releases gases that generate more porous materials. Bricks with 20% FAB had the same results as bricks with FAA. Bricks up to 20% FAA and 10% FAB had water absorption close to 100% clay bricks.



Flexural strength is related to water absorption and density, which are associated with the porosity of the ceramic brick. As FAB/clay bricks presented the highest results of water absorption and the lowest density, in flexural strength, these bricks showed results related to these properties. Bricks with 10% of fly ash presented two units of difference between FAA and FAB and bricks with 50% of fly ash had seven units of difference. It can be concluded that the higher the unburned carbon content, the worse the results of flexural strength, but at percentages of 10, the obtained values were close to fired clay bricks with FAA and from 80% ash, the values were close again.




3.3. Leaching Behaviour of Fired Bricks


Once a leaching test was applied, the elements that exceeded the limit of the inert waste landfill on raw materials were studied (Table 3). The contaminants associated with fly ash were Cr, Mo, and Se, as shown in Figure 6a. Introducing fly ash into fired clay bricks in a dosage of 50% reduced the mobility of Mo and immobilised Cr and Se below the inert waste limit. The concentration of As for fly ash was below the limit of inert waste landfill, but when incorporated into the ceramic bricks in 50% of FAB, it exceeded it. The 100% clay B was above the inert waste limit, so clay B was the raw material, which favours that the 50% FAB/clay B bricks exceeded this limit. The content of unburned carbon did not influence the mobility of contaminants.



We also studied the limits of non-hazardous waste landfill for these contaminants, as shown in Figure 6b. All the contaminants were below the limit of landfill for non-hazardous waste, and the unburned carbon content did not influence the mobility of elements. As mobility is due to its presence in clays, as concentrations of 100% clay bricks were higher than 50% fly ash/clay bricks. In conclusion, the unburned carbon content did not affect the leaching of contaminants, so the obtained results are very interesting.



Oxyanions such as Mo can be adsorbed on the surface of amorphous iron oxides that many alkaline wastes contain. Furthermore, the complexation of these compounds has been studied and a relation between the specific surface area and the extension of the complexation process found for MoO−24. In his work, McKenzie concluded that the decrease in the specific surface led to higher Mo leaching [55].




3.4. Microstructural Characterisation of Fired Clay Bricks


From the results obtained on the technological and environmental properties of the fired products, clay B was chosen to carry out a microstructure study of the bricks obtained and the gaseous emissions generated during the firing process.



3.4.1. XRD Characterisation


Figure 7 shows the XRD patterns of ceramic brick compositions with 10–50% FAA, 10–50% FAB, and without fly ash, only 100% clay B that were fired at 1058 °C. The mineral phases of the bricks were identified as quartz, sillimanite, microcline, kyanite, and iron oxide (hematite).



As can be seen, XRD patterns of FAA/clay and FAB/clay were close to the clay ones. An increase in peaks of quartz and Fe-containing phases such as hematite, with the fly ash amount in the ceramic matrix, could be observed. Mullite and dolomite, a significant phase in both fly ash samples, was not detected in bricks incorporating both FAA and FAB, which were mainly composed of quartz and hematite and other characteristic aluminosilicates of clay bricks. The presence of high amounts of unburned carbon in FAB samples did not imply differences in the final mineral phases of the bricks.




3.4.2. SEM


Figure 8a,b shows the microstructure observed by FESEM on the polished surfaces of FAA/clay and FAB/clay bricks, respectively. The main microstructural effect was the increase in porosity as the content of coal fly ash in the brick body increased. The increase in porosity was mainly associated with the presence of dolomite and unburned carbon in the mineralogical composition of the fly ashes (Figure 3).



However, the incorporation of FAA and FAB led to different impacts on the porosity. For further discussion, Figure 9 presents details of the polished surface microstructure of samples prepared exclusively from clay B (100% Clay B) and those prepared with 50% fly ash incorporation (50% FAA/Clay B and 50% FAB/Clay B). The microstructure of the 100% clay B sample was characterised by the presence of open porosity consisting of interconnected and irregular cavities with a thickness of fewer than 5 μm. This porosity is the result of the dehydroxylation of the clay during firing, which causes a volume reduction. The increase in porosity observed when fly ash was incorporated into the brick body is probably due to the combined action of two factors, namely the larger particle size of fly ash compared to clay, and the dolomite and unburned carbon content in fly ash. Thus, due to its larger average size, the inclusion of fly ash in the brick paste will result in green-shaped specimens with different porosity. According to Amorós et al. [56], at equal pressing variables, a higher content of larger particles results in compacted specimens of higher bulk density (lower porosity), which, however, contain larger pores. As the pore size in the fired bodies depends more on the pore size in the green body than on the pore volume, the inclusion of fly ash in the brick paste will result in less densified fired bodies, and to achieve maximum densification of the product, a higher firing temperature would be required. On the other hand, fly ash contains dolomite and unburned carbon, which during the firing process will decompose with the consequent release of gases, causing the size of the open porosity to increase. FAA presents a low dolomite and unburned carbon content, as can be inferred from its LOI value (Table 2), which was even lower than that of clay B. Therefore, the major effect induced by the incorporation of FAA in the body of the brick was a slight increase in porosity associated with its larger particle size (Figure 9). In contrast, FAB contained much higher dolomite and unburned carbon than the clays, so that during firing, it will generate a high increase in porosity due to the release of the gases generated during its decomposition. This increase in porosity, which is evident in Figure 9, is associated with a significant increase in the water absorption of the brick specimens manufactured with this fly ash (Figure 5).



The incorporation of fly ash into the brick composition affects not only the porosity of the fired pieces but also their crystalline composition and the distribution of crystalline phases. Figure 10 presents the FESEM images of polished and etched fracture surfaces of samples of 100% clay B and 50% FAB/clay B compositions, together with the mapping of the elements Al, Si, K, Ti, Fe, and Ca. The different crystalline phases that comprise the mineralogical composition of the fired bricks were clearly distinguished by the colour differences caused by the varying concentrations of these ions in each of the crystalline phases. The 100% clay B sample shows the conventional phase distribution in traditional fired clay materials composed mainly of quartz grains embedded in a ceramic matrix enriched in aluminium oxide.



Figure 11a depicts FESEM images of different regions observed in the microstructure of 100% clay B brick. Some of the quartz grains showed micro cracks, which were likely formed as a result of the relaxation of micro stresses caused by the difference between the coefficients of thermal expansion of the quartz grains and the surrounding ceramic phase as stated in Romero et al. [57]. In addition to quartz particles, in the ceramic matrix, regions with high potassium oxide content with crystals of irregular morphology were identified in Figure 11b, which must correspond to the microcline phase, as observed in the XRD of the fired bricks (Figure 7). Isolated iron oxide particles were also clearly distinguishable in the mapping image 100% clay B sample. Regarding the morphology of the ceramic matrix, FESEM observations at high magnification (Figure 11c) allowed us to distinguish regions with elongated crystals, which likely correspond to the sillimanite phase (as observed in Figure 7). Regarding the microstructure of the 50% FAB/clay B bricks, Figure 10 shows the presence of quartz grains to a smaller extent. The quartz grains showed fewer micro-cracks, probably because they were surrounded by a much more porous matrix that could absorb the stresses caused by the differences in expansion coefficients. The microcline crystals were not distinguishable and potassium oxide was dispersed throughout the matrix, which was more enriched in calcium oxide.





3.5. Estimation of Gas Emissions during Firing Process


The content of Cl, F, S, C, and N for clay B and fly ash A (low LOI) and B (high LOI), as well as their corresponding acid gas emissions HCl, HF, SO2, and CO2 after the firing stage at the temperature of 1058 °C simulating the industrial processes and estimated by mass balance (Equation (1)) are summarized in Table 4. The content of N was below the detection limit of the equipment used. Chlorine emissions are related to its content in the samples. The chlorine in the clay comes from micas, halite, and organic matter, while in the ash, it mainly forms chlorinated compounds associated with its organic matter. The significant increase in chlorine emissions in clay compared to fly ash, despite having the same initial content, may be due to the presence of chlorine as sodium chloride (halite), which is very unstable during the firing process. While the difference in emissions between the two types of ashes is directly related to the unburned content, the higher the LOI, the higher the decomposition of chlorinated compounds. Fluorine emissions also depend on the initial concentration of this element in the samples. The difference observed between the clay and the ashes may be due to the decomposition of phyllosilicates present in the clay while the difference between both ashes may be due to the formation of thermally stable compounds (CaF2) in samples with low carbonate content [58]. Sulphur emissions depend on the mineralogy of the samples. Due to the oxidation and decomposition of pyrite and organic matter during the firing process, high values of sulphur emissions are obtained for ashes with a high content of unburned carbon [59]. Finally, in the case of CO2 emissions, a direct relationship can be observed between the initial carbon content in the raw materials and the level of emissions.



Gas emission for the mixtures of FAA/clay and FAB/clay fired at the temperature of 1058 °C simulating the industrial processes and estimated by mass balance (Equation (1)) are summarized in Figure 12. Emission limit values for HF, HCl, and SO2 proposed by Gonzalez et al. (2011) [58], aimed to include them in the Andalusian-Spain legislation in response to the indications of the IPPC, have also been considered. From a study conducted with 40 ceramic factories in Andalusia, Spain by means, median, and the 90th percentile values of 180 samples, three ranges of emission values were established: “acceptable”, “recommended intervention”, and “compulsory intervention”.



The introduction of fly ash in the mixtures reduces the emissions of HCl due to low chlorine emissions from fly ash. Incorporating up to 90% of FAA and FAB, a reduction in emissions of HCl was achieved compared with the brick of 100% clay. The percentage of reduction obtained was 61% for FAA and 25% for FAB. The reduction in emissions by introducing FAA was higher due to the lower value of emission with respect to FAB. As indicated above, it is probably due to a greater decomposition of chlorinated compounds associated with organic matter, that is, the content of unburned matter. The introduction of fly ash in the mixtures of FAA/clay and FAB/clay reduced the emissions of HF due to the low contents of F that fly ash present. The reduction in HF emissions was higher for fly ash due to the lower contents of F before the firing process compared to clay. This is due to the fact that clay contains one of the most important sources of fluorine such as phyllosilicates, therefore, the less clay in the mixture, the greater the reductions in fluorine emissions. Incorporating up to 90% of FAA and FAB reduced the emissions of HF by 42% and 60% compared to the 100% clay brick.



The introduction of fly ash in the mixtures produced an increase in SO2 emissions due to the high content of S present in the fly ash. The FAB/clay mixtures showed extremely high levels due to the presence of the combination of different sulphur associated with inorganic, pyritic, and organic carbon.



The introduction of fly ash in the mixtures FAA/clay and FAB/clay increases the emissions of CO2 due to the high contents of unburnt carbon that fly ash present. The increase in CO2 emissions was higher for FAB due to the high contents of unburnt carbon (27.03%) before the firing process compared to FAA (5.43%) and clay. In this case, the CO2 emissions from inorganic carbon were not important in an overall assessment.



Considering the technological properties to market this type of brick according to AENOR Fired Clay Piece HD Clinker R-55 and the leaching behaviour, it could be possible to incorporate up to 20% of FAA and 10% of FAB. The reduction in emissions of HCl with these additions was 13% and 5%, respectively, according to reference emission values. As the HCl emission limit value was <160 ppm, the addition of 20% FAA and 10% FAB did not exceed the acceptable emission value proposed. In the case of HF, the introduction of FA supposes a reduction of 10–11%, respectively. The HF emission limit value was <180 ppm, therefore, the addition of 20% FAA and 10% FAB did not exceed the acceptable emission value. In the case of SO2, the introduction of FA produced an increase of SO2 emissions was 61% and 65%, respectively. The SO2 emission limit value was <450 ppm, therefore, it exceeds the acceptable emission value, and an intervention to review the value would be advisable. For 20% of FAA and 10% of FAB in the mixtures, the increase in CO2 emissions was 62% and 87%, respectively. It is important to note that the level of CO2 emissions must be estimated based on the total annual production of the ceramic factory.





4. Conclusions


The influence of the amount of unburned carbon present in coal fly ash on the properties of fly ash-fired clay bricks was studied through the dosage of increased amounts of fly ashes with different unburned carbon content: FAA (low LOI) and FAB (high LOI).



The main microstructural effect was the increase in porosity as the content of coal fly ash (FAB) in the brick body increased. The porosity was associated with the release of the gases generated during the decomposition of dolomite and the content of unburned carbon of the fly ash. This increase in porosity corresponded with a significant increase in the water absorption and therefore, a bulk density and flexural strength reduction. Although unburned carbon plays an important role on the final properties, no detriment was observed in the properties of ceramic bricks containing up to 30% FAA and percentages of 20% FAB.



The leaching behaviour of critical contaminants associated with the presence of fly ash showed an immobilisation of Cr and Se in fired clay bricks while Mo reduced its mobility to values close to the inert landfill limit values. No influence of porosity on Mo leaching was observed, but a higher retention, in samples with FAB, due to the adsorption of Mo on the surface of amorphous iron oxides. HF and HCl emissions were below the emissions of the 100% clay bricks, so introducing fly ash would reduce the emissions of these pollutants in the firing process. The decomposition of chlorinated compounds associated with the unburned material was the main difference in the emission reduction values between both ashes. SO2 emissions of FAB/clay mixtures showed high levels due to the presence of the combination of different sulphur associated with unburned carbon, mainly.



On the other hand, the level of CO2 emissions should be estimated based on the total annual production of the company. Therefore, unburned carbon separation option from fly ash would be advisable to obtain acceptable emission values in the CFB process.
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Figure 1. Methodology carried out in the development of this study. 
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Figure 2. Particle size distribution of coal fly ashes A and B. 
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Figure 3. XRD pattern of clay A (a), clay B (b), FAA (c), and FAB (d). 
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Figure 4. Thermogravimetric behaviour of (a) clay A and clay B; (b) FAA and FAB. 
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Figure 5. Main technological properties of fired clay bricks. 
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Figure 6. Concentration of contaminants of fly ash/clay bricks regarding the inert waste landfill limits (a) and the non-hazardous waste landfill limits (b) according to Decision 2003/33/EC. 
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Figure 7. XRD patterns of fired clay bricks prepared from clay B. (a) XRD patterns of FAA/clay; (b) XRD patterns of FAB/clay. 
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Figure 8. FESEM images of fired clay bricks: (a) FAA–Clay fired bricks; (b) FAB–Clay fired bricks. 
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Figure 9. FESEM images of 100% clay B and 50% FAA and FAB/clay B fired clay bricks. 
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Figure 10. FESEM images and mapping of elements of samples 100% clay B and 50% FAB/clay B. 
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Figure 11. Microstructure FESEM images taken at different regions of 100% clay B. (a) The FESEM images of different regions observed in the microstructure of 100% clay B brick; (b) The high potassium ox-ide content area in ceramic matrix; (c) FESEM observations at high magnification. 
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Figure 12. Estimation of HCl, HF, SO2, and CO2 emissions for mixtures performed with FAA/clay B and FAB/clay B during the firing process including reference emission values proposed by I. Gonzalez et al. [58]. 
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Table 1. Coal fly ash-clay brick formulation.
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	Sample
	Coal Fly Ash (A/B)
	Clay (A/B)





	P1
	100
	0



	P2
	90
	10



	P3
	80
	20



	P4
	70
	30



	P5
	60
	40



	P6
	50
	50



	P7
	40
	60



	P8
	30
	70



	P9
	20
	80



	P10
	10
	90



	P11
	0
	100
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Table 2. Chemical composition of raw materials.
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Major Oxide, Wt (%)

	
Clay A

	
Clay B

	
FAA

	
FAB






	
SiO2

	
63.35

	
63.7

	
52.53

	
40.20




	
Al2O3

	
17.11

	
15.69

	
22.23

	
16.62




	
Fe2O3

	
5.89

	
6.26

	
8.38

	
5.26




	
MnO

	
0.054

	
0.079

	
0.103

	
0.057




	
MgO

	
0.85

	
0.86

	
2.25

	
1.71




	
CaO

	
0.47

	
0.58

	
4.70

	
3.37




	
Na2O

	
0.61

	
0.69

	
1.11

	
0.88




	
K2O

	
3.08

	
2.67

	
2.03

	
1.82




	
TiO2

	
0.843

	
0.762

	
0.898

	
0.681




	
P2O5

	
0.10

	
0.10

	
0.61

	
0.56




	
LOI (Loss of ignition) 1

	
6.15

	
7.40

	
5.43

	
27.03




	
Trace elements (ppm)

	




	
As

	
23

	
25

	
31

	
39




	
Ba

	
634

	
1597

	
1965

	
1800




	
Cd

	
<0.5

	
<0.5

	
<0.5

	
<0.5




	
Cr

	
80

	
80

	
170

	
120




	
Cu

	
30

	
20

	
50

	
40




	
Mo

	
<2

	
<2

	
17

	
11




	
Ni

	
40

	
40

	
80

	
60




	
Pb

	
28

	
37

	
27

	
< 5




	
Sb

	
0.007

	
0.008

	
2.6

	
2.2




	
Zn

	
80

	
140

	
140

	
<30








1 Determined at 650 °C.
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Table 3. pH values and leaching of major elements from raw materials according to the compliance leaching test EN 12457-2.
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Leaching Concentrations (mg/kg)

	
Landfill Limits 1




	

	
Clay A

	
Clay B

	
FAA

	
FAB

	
Inert

	
Non-Hazardous






	
pH

	
7.72

	
9.35

	
11.01

	
12.52

	
-

	
-




	
As

	
0.461 ± 0.02

	
0.296 ± 0.01

	
0.146 ± 0.16

	
0.110 ± 0.03

	
0.5

	
2




	
Ba

	
1.075 ± 0.036

	
11.337 ± 0.036

	
4.668 ± 0.220

	
2.163 ± 0.099

	
20

	
100




	
Cd

	
0.003 ± 0.0001

	
0.013 ± 0.0002

	
0.006 ± 0.004

	
0.004 ± 0.001

	
0.04

	
1




	
Cr

	
0.006 ± 0.005

	
0.008 ± 0.0002

	
1.375 ± 0.13

	
1.998 ± 0.128

	
0.5

	
10




	
Cu

	
0.106 ± 0.003

	
0.095 ± 0.001

	
0.046 ± 0.004

	
0.059 ± 0.005

	
2

	
50




	
Hg

	
0.002 ± 0.0001

	
0.0013 ± 0.0002

	
0.008 ± 0.007

	
0.009 ± 0.006

	
0.01

	
0.2




	
Mo

	
0.0183 ± 0.0001

	
0.004 ± 0.001

	
5.450 ± 0.065

	
5.196 ± 0.007

	
0.5

	
10




	
Ni

	
0.047 ± 0.005

	
0.016 ± 0.001

	
0.015 ± 0.001

	
0.011 ± 0.001

	
0.4

	
10




	
Pb

	
0.046 ± 0.001

	
0.057 ± 0.002

	
0.035 ± 0.01

	
0.021 ± 0.01

	
0.5

	
10




	
Sb

	
0.008 ± 0.0002

	
0.008 ± 0.0002

	
0.021 ± 0.001

	
0.013 ± 0.001

	
0.06

	
0.7




	
Se

	
0.021 ± 0.007

	
0.087 ± 0.0007

	
2.617 ± 0.255

	
0.619 ± 0.053

	
0.1

	
0.5




	
Zn

	
1.599 ± 0.035

	
1.60 ± 0.012

	
0.943 ± 0.044

	
0.370 ± 0.019

	
4

	
50








1 Limits for inert and non-hazardous wastes according to Landfill Decision 2003/33/EC.
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Table 4. Content and pollutants emissions of clay B and fly ashes A and B.






Table 4. Content and pollutants emissions of clay B and fly ashes A and B.





	
Raw Materials

	
Initial Content (%)

	
Emissions (mg/kg) *




	
Cl

	
F

	
S

	
C

	
N

	
HCl

	
HF

	
SO2

	
CO2

	
N






	
Clay B

	
0.02

	
0.02

	
0.02

	
0.3

	
-

	
119.28

	
122.14

	
31.93

	
454.27

	
-




	
FAA (low LOI)

	
0.02

	
0.01

	
0.17

	
4.7

	
-

	
11.81

	
6.05

	
2992

	
17,844

	
-




	
FAB (high LOI)

	
0.02

	
0.01

	
0.31

	
24.4

	
-

	
76.19

	
39.01

	
6090

	
122,160

	
-








(-) <Detection Limit; (*) Gas emissions calculated according to the mass balance of Equation (1).
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