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Abstract

:

Portland cement production is an energy-intensive process that releases carbon dioxide into the atmosphere. To reach carbon neutrality by 2050, it would be necessary to implement innovative measures in the cement industry to deliver carbon neutrality. In this respect, it is striking that the new cement types made with high contents of industrial by-products will act as a lever to combat climate change. Accordingly, the purpose of this study is to assess coal–ash blended cements in light of climate change mitigation. In particular, ground coal bottom ash could be considered as a novel constituent for common cement production. The performance of these coal–ash mortars was assessed by measuring pozzolanic reactivity, mechanical strength gain, and microstructural characteristics. Mortars were made with 10%, 25%, or 35% of coal ash (fly ash and/or bottom ash). Therefore, by considering an emission intensity factor of 830 kgCO2/kg of clinker, a reduction in carbon dioxide emissions for all coal fly ash cements is expected, which will be about 83 kgCO2/kg of cement, 208 kgCO2/kg of cement, and 290 kgCO2/kg of cement, respectively. Ground coal bottom ash presented similar characteristics to the coal fly ash. Consequently, ground coal bottom ash is a promising Portland cement constituent with properties comparable to coal fly ash, and its increased usage can contribute to the climate change mitigation.
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1. Introduction


Portland cement mortar and concrete are the most widely used construction materials worldwide. Indeed, mortar is composed by a mixture of fine aggregate sand, Portland cement, and water. Portland cement production is an energy-intensive process that results in the release of carbon dioxide into the atmosphere [1]. Portland cement manufacture accounts for 7.4% of the world’s carbon dioxide emission, i.e., about 2.9 Gtons in 2016 [1]. The greenhouse effect makes the Earth warmer than it should naturally be. Currently, Earth is about 1.1 °C warmer than it was 125,000 years ago [2]. Therefore, the cement industry should take steps in establishing effective measures to reduce its impact. New cement types with a high content of by-products or industrial wastes will be more green than grey. In this respect, coal ash cements can play an important role in mitigating climate change [1].



Accordingly, product engineers or architects can help to prevent the worst consequences by defining concrete mix designs made with low-carbon cements. The world’s future relies upon the choices that regulators, civil engineers, and architects, among other stakeholders, make today [2]. In consequence, a firm commitment to tackling climate change, which is one of the severest challenges facing mankind today, is necessary.



For instance, several action plans for critical raw materials, circular economy, and other topics are being produced and developed within the European Green Deal context to achieve the carbon neutrality by 2050 [3]. The cement industry expects to reach such climate change targets through the entire cement and concrete value chain [4].



One of the measures undertaken by the cement industry to minimize its impact on the climatic change is the production of low-carbon cements. Coal fly ash and bottom ash are by-products generated in coal-fired electrical power stations. They can be used to produce mentioned cements with a low amount of clinker and with a new cement constituent: ground coal bottom ash. In addition, the disposal of coal combustion by-products, such as fly ash and bottom ash, i.e., industrial residues in landfill, is avoided. Their use as Portland cement constituents will contribute to a more sustainable cement production by lowering energy and raw material consumption. Accordingly, coal ash blended cement production is a part of the sustainable development strategy carried out by the Portland cement sector.



Currently, coal fly ash is utilized as a constituent in Portland cements and as a supplementary cementitious material (SCM) in concrete. By contrast, coal bottom ash is employed as a fine aggregate in concretes [5]. Furthermore, it is well known by scientists that durable properties of the concrete made with coal fly ash cements [6] or coal bottom ash cements [7] are enhanced due to their pozzolanic characteristics. Consequently, their use will be promoted. During the pozzolanic reaction, silica-rich precursors with no cementing properties, such as coal ashes, are converted to a calcium silicate, with good cementing properties. Fineness is one of the most significant parameters affecting coal fly ash pozzolanicity [8] and compressive strength gain [9,10], rather than the chemical composition. Consequently, it is expected that ground fly ash and/or bottom ash mortars present higher early strength than mortars made with coarse coal ashes.



Alkali-activated coal fly ash is also known to be an environmentally friendly alternative to Portland cement because it can reduce carbon dioxide emissions and re-use industrial wastes. From the microstructural point of view, hardened coal ash Portland cement pastes can be defined as composite materials filled with unreacted particles; similarly, hardened alkali-activated coal fly ash is formed by unreacted and crystalline coal fly ash constituents, which are held together by the gel N-A-S-H [11]. The microstructure formation process is based on the fact that the vitreous part of coal fly ash is alkali-attacked. Accordingly, coal fly ash aluminosilicate glass is transformed into amorphous alkaline aluminosilicate hydrate, i.e., N-A-S-H gel, and secondary reaction products, i.e., zeolites [12]. The microstructure is determined by the Si/Al ratio, which increases with time, thus increasing the degree of polymerization.



The control factors for the strength gain of this binder and the coal ash Portland cement are the coal fly ash–binder and water–binder ratios. Nevertheless, alkali-activated coal fly ash strength development also depends on the Na2O–binder and SiO2–Na2O ratios [11,12,13]. Typically, the optimal values of the SiO2–Na2O and Na2O–binder ratios are between 0.6 and 1, and between 7 and 10%, respectively [11,12,13].



Alkali-activated coal fly ash is formed by the alkali activation of silica and alumina-rich coal fly ash after adding alkaline activators, while coal fly ash Portland cement uses the Ca(OH)2 formed in the Portland cement hydration process as an activator. Alkaline activators are primarily composed of alkali components, such as OH−, SiO32−, and CO32−, as well as Na+, K+, and Ca2+. Among all, NaOH and Na2SiO3 are the most normally utilized. These activators exhibit different reaction mechanisms; therefore, they lead to various compressive strength development. Coal fly ash-based alkali-activated materials are characterized by slow strength development at ambient temperatures [14]. However, based on previous research, it is possible to achieve desirable compressive strength for alkali-activated coal fly ash concrete when cured at 20 °C. Furthermore, the addition of ground-granulated blast furnace slag results in long-term strength [15].



The reaction process for alkali-activated coal fly ash by using NaOH could be divided into four stages [11,13]. In the first one, the OH− breaks the Si-O-Si and Si-O-Al bonds into Si-OH, and the sodium in the solution acts as a catalyzer. The second stage is associated with an induction period. In the third stage, more ions are dissolved, and polycondensation begins on the coal fly ash surface. In the fourth stage, the reaction products form shells on the coal fly ash surface, which prevents further OH− diffusion on the unreacted coal fly ash. Therefore, the reaction stops. The reaction rate of Na2SiO3 with the coal fly ash is much faster than that of NaOH since the soluble Si capture released more Al monomers in the solution, thus producing polymers.



The research significance of this study relies on the fact that the clinker factor must be reduced in the following years. Cement manufacturers have committed to the goal of achieving carbon neutrality throughout the clinker–cement–concrete–construction–carbonation value chain by 2050, and the production of blended cements is one of the best ways to achieve net carbon neutrality [1].



In this paper, the physical, microstructural, reactivity, and mechanical properties of coal–ash mortars were assessed. The main characteristics of mortars made with coal fly ash and/or coal bottom ash were compared to Portland cement mortars. Finally, the use of ground bottom ash was evaluated as a potential Portland cement constituent. The novelty of this paper relies on the assessment of coal fly ash–coal bottom ash mixes as main constituent of Portland cements in a similar way as silicious fly ash.




2. Materials and Methods


2.1. Materials


The reference Portland cement was a CEM I 42.5 N according to the EN 197-1:2011 [16] produced in the factory located at Villaluenga, Toledo, Spain (Lafarge España, SAU). Both coal ashes (fly and bottom) were produced in the same coal-fired power plant at Carboneras, Almería, Spain. Their chemical characteristics are shown in Table 1 [17], and the raw materials used to produce the cement mixes are given in Table 2.



The Portland cement CEM I 42.5 N was mixed with the coal ashes in the proportions shown in Table 2 to obtain CEM II/A-V, CEM II/B-V, and CEM IV/A (V) cements, where “V” stands for the γ, δ, λ, and Ω coal fly ash–coal bottom ash mixes presented in Table 2.



Al these new cements were used to make mortars with a cement–sand ratio of 1:3 and a water–cement ratio of 0.5, with distilled water and CEN standard sand [18]. The procedure of mortar mixing, molding, and curing is detailed in the European Standard EN 196-1:2016 [18].



Three mortar prims were made for each testing time. The test specimens were 4 cm × 4 cm × 16 cm prisms. Compressive strength was carried out on halves of the prism broken by using a suitable device.




2.2. Testing


Water demands for normal consistency, soundness, initial setting time, and final setting time of mortars (Figure 1) were determined according to the European Standard EN 196-3:2016 [19], whereas compressive strength testing (Figure 2) was performed according to the European Standard EN 196-1:2016 [18]. The pozzolanicity test for cements was assessed by means of the European Standard EN 196-5:2016 [20].



The total accessible porosity is defined as the ratio of connected pores, and it was measured by water intrusion in mortar samples cured for 28 and 90 days of wet curing according to the method defined in the Spanish Standard UNE 83.980 [21]. In addition, mercury intrusion porosimetry (MIP) tests were performed to determine the pore size distribution (Figure 3).



The chemical analyses were performed by XRF with a S8 Tigger 4 kW model instrument (Bruker, Billerica, MA, USA), (Figure 4a). Loss on ignition (LOI) and chloride ion contents were determined according to the European Standard EN 196-2 [17].



The samples used in the XRD tests were cast mortars, which were then ground into powder to be used as test samples for the current test. We then made recordings using a D8 Advance powder crystal X-ray diffractometer (Bruker) with a 2.2 KW Cu anode ceramic X-ray tube (Figure 4b).



Crystalline compounds were identified with DIF-FRAC.EVA v4.2.1 software which supports a reference pattern database derived from the Crystallography Open Database (COD) for phase identification.



Mortar prisms were sectioned using a water-cooled diamond saw to obtain mortar samples. Later, sample sections were further reduced in size for examination by scanning electron microscopy (SEM) using backscattered electron imaging contrast, using a low-speed saw with propanol lubricant to produce approximately 10 mm × 10 mm × 10 mm mortar specimens. Then, they were impregnated with a low-viscosity epoxy using a vacuum system, oven-cured at 55 °C, polished, sputter-coated with gold, and examined using a JSM-5400 system (JEOL, Akishima, Tokyo, Japan) equipped with three detectors (secondary electrons, backscattered electrons, and an EDX Oxford EDS Link energy-dispersive X-ray spectrometer (Oxford Instruments Industrial Products Limited, Oxon, UK)).





3. Results and Discussion


3.1. Physical Properties


Figure 5, Figure 6 and Figure 7 show the main physical properties of the cement pastes, i.e., soundness, water demand for normal consistency, and initial and final setting times, respectively.



Figure 5 shows that, in general, the higher the bottom ash content, the higher the soundness result. By contrast, cement pastes made with 10% of coal ash (CEM II/A-V) had similar soundness values than the CEM I or even lower results. Furthermore, the higher the coal ash amount in the mortar, the higher the soundness. Accordingly, the lowest soundness was found in the CEM I.



With regards to the water demand for normal consistency (Figure 6), CEM II/A-V and CEM II/B-V cements provided lower results than CEM I indistinctly of the type of coal ash employed. Nevertheless, CEM IV/A (V) made with coal bottom ash had higher water demand for normal consistency than CEM IV/A (V) made with coal fly ash.



Thorstensen and Fidjestol [22] reported that coal fly ash minimizes water demand and reduces bleeding pores. Therefore, it yields cement-based materials with low-permeability internal pores. Furthermore, through the pozzolanic reactions, coal fly ash combines with calcium hydroxide, producing additional cementitious constituents which result in a denser microstructure [22].



More fineness of coal bottom ash demands higher water than coal fly ash due to the higher surface area. Carbon content, estimated by the loss on ignition, also affects water demand, since the carbon absorbs more water [23]. Loss-on-ignition is lower for coal bottom ash (1.8%) than for coal fly ash (3.6%). Accordingly, fineness is the controlling factor in evaluating water demand for normal consistency.



As expected, the more the coal ash content in the mortar, the longer the setting time [24], as shown in Figure 7. This is due to the pozzolanic reaction, which is the physicochemical reaction that occurs in Portland cement upon the addition of coal ashes as silica-rich precursors. This reaction proceeds after the Portland cement hydration; therefore, this slows down the compressive strength development [10].



The setting time relies upon the amount and characteristics of coal fly ash employed in cement-based material [24]. Consequently, the setting time is faster in coal bottom ash cements than in coal fly ash cements. This fact could be explained because coal bottom ash has rougher surfaces than those found in coal fly ash [6].




3.2. Mechanical Properties


Compressive strength gain from 1 to 90 days is presented in Figure 8. The pozzolanic reaction between calcium hydroxide and coal ashes was also studied by means of compressive strength. Coal fly and bottom ashes are pozzolanic materials that react with calcium hydroxide, which results in significant performance of cement-based materials [9].



The compressive strength compared to the control specimen with various percentages of coal ash (0%, 10%, 25%, and 35%) is presented in Figure 8. It was observed that mortar compressive strength was not developed with coal ashes at early ages in agreement with the results reported in the literature [25].



Compressive strength of mortars made with CEM I or CEM II/A-V with a coal ash content of 10% is quite similar at 28 days. Nevertheless, the pozzolanic reaction continues, leading to higher compressive strength of mortars with coal ash at 90 days [9]. The reason for the low increase in the compressive strength at early ages is the slow pozzolanic reactions of coal ashes, which need a longer period to complete their interactions. Both types of ashes in CEM II/A-V presented quite a similar compressive strength gain (α and Ω in Figure 8a). By contrast, mortar specimens made with mixes of both ashes (γ, δ, λ) exhibited lower performances. In particular, the 50:50 mixture (λ) presented the lowest value in CEM II/A-V.



The greatest compressive strength in CEM II/B-V and CEM IV/A (V) mortars was found in the coal fly ash specimens (β in Figure 8b,c, respectively). This cannot be attributed to the fineness because the Blaine specific surface of the coal fly ash is lower (3463 cm2/g) than that of the coal bottom ash (3976 cm2/g). Nevertheless, mechanical grinding accelerates the reaction of the coal bottom ash with Portland cement, i.e., they bind within a short period. Mechanical activation of coal bottom ash is essential to gain better performance in both durable and mechanical characteristics.




3.3. Cement Mixes Reactivity


A characteristic advantage of utilizing coal ashes in blended cements is their pozzolanic reaction. They have active aluminosilicates which react with calcium hydroxide formed during the Portland cement hydration to produce additional C–S–H gel. This reaction is time-consuming, and the blended mortar can fail to deliver early-age strength (Figure 8). Nevertheless, the initial strength is achieved by clinker hydration, while delayed strength gain by coal ashes helps to reduce the requirement of clinker in cement.



Figure 9 shows the calcium hydroxide content of mortars made with cements CEM I, CEM II/A-V, CEM II/B-V, and CEM IV/A (V), where V is a mixture of fly ash and/or bottom ash. Accordingly, both coal ashes contain active aluminosilicates which react with calcium-based compounds to form additional C–S–H gel. This chemical process is time-consuming; therefore, these mixes cannot deliver early-age strength (Figure 8). By contrast, the compressive strength gain at 28 days may decrease the requirement of clinker in Portland cement.



The lowest calcium hydroxide content is found in the reference cement CEM I followed by the CEM II/A-V, no matter the type of coal ash mix (Figure 9a,b). The greater the ash content, the greater the calcium hydroxide content in the pozzolanic reaction. CEM II/B-V (25% V) draws a clear distinction between the pozzolanicity of coal fly ash and coal bottom ash mixes (Figure 9c,d). Higher calcium hydroxide content was found in the mix made with bottom ash (CEM II/B-V-Ω), whereas the mix made with fly ash (CEM II/B-V-β) showed the lowest calcium hydroxide depletion. The higher specific surface of the coal bottom ash (3976 m2/kg) enhances the reactivity of the blended cement in comparison with the coal fly ash cement (3463 m2/kg) [7,26]. Borrachero et al. [27] found a greater reactivity towards water when the fineness was increased by grinding.



By contrast, CEM IV/A (V) mixes present a strong convergence towards an average value of 1 mmol/L (Figure 9e,f). This is due to the pozzolanic reaction, which is the physicochemical reaction that occurs in Portland cement upon the addition of coal ashes as silica-rich precursors [28]. This reaction proceeds after the hydration of Portland cement; therefore, this slows down the compressive strength development. The pozzolanic reaction occurs over long-time scale [29]. The physicochemical mechanism involves the calcium hydroxide transportation via a pore solution, which is present in mortars and concretes, to react with silicate and/or aluminate phases to form calcium silicates and aluminate hydrates, i.e., hydrated gels of C-S-H and C-A-S-H [6].



A consequence of the pozzolanic reactions is the gradual hardening of mortars containing coal ashes and lime. Thus, compressive strength increases as the content of combined calcium hydroxide increases. However, as shown in Figure 10a, there is no general relationship between compressive strength and combined calcium hydroxide at 28 days, although the empirical study shows that there is only a slight correlation (R2 = 0.627) between the two parameters after 90 days (Equation (1)), because of the hardening of a coal ash–calcium hydroxide mortar, which is slow at early ages but continues to progress over long periods.


Ca(OH)2 content (%) = 3.7482 × Compressive strength (MPa) + 47.457,



(1)







The lack of correlation can be explained by the high capacity to fix calcium hydroxide at 28 days (Figure 9), but mortars do not harden significantly (Figure 8). For this reason, the coal ash mixes assessment requires the measurement of compressive strength development in the mortar, rather than determination of the content of fixed calcium hydroxide.




3.4. Porosity


Mercury intrusion porosimetry at 7 days and 28 days was used for the characterization of porous mortars made with CEM I, CEM II/A-V, CEM II/B-V, and CEM IV/A (V). The results of the analysis are shown in Figure 11.



CEM II/A-V mortars at 7 days were more porous than the reference mortar (CEM I) (Figure 10a). However, at 28 days, these mortar mixes reached a similar pore structure than the reference (Figure 11b). CEM II/A-V is more porous at 7 days due to the slow rate of the pozzolanic reaction, which occurs over a long time scale, producing cementitious materials, comprising calcium and aluminate hydrates. Accordingly, the pores will be filled very slowly. Through the pozzolanic reactions, coal fly ash combines with calcium hydroxide, forming additional cementitious materials which result in a denser microstructure [22]. From a structural performance and durability perspective, it is desirable to limit the porosity in cement-based materials; however, it cannot be wholly eliminated. It influences the mass transport processes and compressive strength within mortars.



By contrast, mortars with the highest coal ash content, CEM IV/A (V), exhibited more porosity at 7 and 28 days than the reference (Figure 11e,f). Therefore, these mortars need a longer period to reduce the connected pores in mortars.



Figure 12 shows the effective or accessible porosity of mortars, which is the ratio of connected pores, through which the pore solution development and ion flow takes place. In general, compressive strength is related to the total porosity (Figure 13), whereas the mass transport processes depend on the pore size distribution and microstructure. Generally speaking, coal ash plays a part in increasing the accessible porosity of mortars.



The study shows that there is a relatively good correlation (R2 = 0.8067) between the accessible porosity and compressive strength at 28 days (Equation (2)). However, the correlation over a longer period of 90 days is worse (R2 = 0.5786) (Equation (3)).


Accessible porosity (%) = −9.584 × Compressive strength (MPa) + 178.52,



(2)






Accessible porosity (%) = −8.8637 × Compressive strength (MPa) + 183.97,



(3)







Accordingly, the compressive strength of the mortar is closely related to the pore characteristic parameters [30]. In addition, no difference between the coal fly ash or coal bottom ash was found with respect to the effective porosity of mortars, either at 28 days or 90 days. The coal ashes can react with the calcium hydroxide, producing additional calcium–silicate–hydrate phases (C–S–H gel), which leads to a refinement of the pore structure [31] and an improvement in the mechanical strength and durability of the cement-based materials [32].




3.5. Microstrural Characteristics


Figure 14 shows scanning electron microscopy (SEM) microphotographs of coal fly ash and ground coal bottom ash, whereas Figure 15 shows the back-scattered electron (BSE) micrographs of mortars either at 28 days or 90 days. Typically, coal bottom ash and coal fly ash present several complex and mixed morphotypes [33]. Among the coal fly ash particles, cenospheres and plerospheres are generally present, to some degree, in mortar samples (Figure 14a). Cenospheres are glassy, hollow spheres, whereas plerospheres contain additional spheres, which are appreciable upon the opening of the outer shell [34].



Ground coal bottom ash has angular particles and a porous texture (Figure 14b); the size of the unground coal bottom ash normally ranges between sand and gravel particles. The original coal bottom ash was ground in a ball mill to achieve a fineness of 3976 cm2/g. This high value is partially due to the presence of intragranular porosity at the powder, as shown in Figure 14b [35].



The evolution of the paste composition over time was tested in mortar specimens at different hydration ages. A gradual decrease in the size of the anhydrous phases was observed along the time (Figure 15). This finding was more evident in mortars containing either coal fly ash or coal bottom ash. Through pozzolanic reactions, coal fly ash and coal bottom ash combine with calcium hydroxide, providing a denser microstructure and rendering free lime unavailable for acid or sulphates attacks [26]. In addition, these reactions yield cement-based materials with low-permeability pores and a denser microstructure. The literature reported the promising potential of coal bottom ash as a cement constituent, particularly to improve the microstructural properties of cement-based materials [36]. Abbas et al. reported that specimens incorporating coal bottom ash showed a denser microstructure and no microcracking when testing for alkali–silica reactions [37].



Typically, the pore structure is closely related to the macro-mechanical properties [38,39]. By contrast, the compressive strength decreases with the addition of ground coal bottom ash as a replacement for Portland cement clinker [40], in line with the findings shown in Figure 8.



The mortars without additions showed n homogeneous aspect of the paste with some anhydrous cement particles in white (a) and (b). In the samples, CEM II/A-V-β have only fly ash and anhydrous ceno-spheres (c) and (d). CEM II/B-V-λ have only bottom ash and an anhydrous mix of fly ash and bottom ash (e) and (f). CEM II/A-V-Ω have only bottom ash and anhydrous angular (g) and (h).



A comparative analysis of the paste composition at 28 and 90 days for several samples is shown in Figure 16. The chemical composition was determined by using an energy-dispersive X-ray spectroscopy (EDX) system based on a Hitachi scanning electron microscope (Bruker). The paste composition is adjusted to express the Al2O3, CaO, and SiO2 content in a triangular pattern at 28 days and 90 days.



The coal geological formation determines its chemical composition. Accordingly, the coal bottom ash and fly ash from the different types of coal generally used in energy generation, i.e., bituminous, sub-bituminous, and lignite, which have varying contents of silicon dioxide (SiO2), alumina oxide (Al2O3), and ferric oxide (Fe2O3) [41].




3.6. X-ray Diffraction


The different mortars are analyzed by X-ray diffraction to analyze and quantify the crystalline component of hydration of cement, i.e., Ca(OH)2. However, the higher crystalline component is the quartz of the sand. These means that the portlandite should be quantified very carefully. Next, in Table 3, the percentage relative of portlandite and the maximum standard deviation is shown. In addition, Figure 17 shows X-ray diffraction spectra of mortars, either at 28 (a) days or 90 days (b).



The quantification of the portlandite addresses several different important issues. For example, there is a clear decrease in portlandite using coal ash as a partial substitution of the cement with respect to the CEM I. The portlandite decreases with time (due to the formation of the C-S-H gel, which is the main product of hydration and is amorphous), and the behavior with the different mixes is similar. The consumption of calcium hydroxide in the case of the CEM I sample is attributed to a slight carbonation of the sample.




3.7. Climate Change Mitigation by Using Coal Ash Cements


Mortars used in this study were made with 10%, 25%, or 35% of coal ash (fly ash and/or bottom ash). Therefore, considering an emission intensity factor of 830 kgCO2/kg of clinker [1], a reduction in carbon dioxide emissions for all coal fly ash cements is expected, which will be about 83 kgCO2/kg of cement, 208 kgCO2/kg of cement, and 290 kgCO2/kg of cement, respectively.





4. Conclusions


The potential for use of ground coal bottom ash as a new Portland cement constituent and a measure to combat climate change is assessed in the present study. The main conclusion is that ground coal bottom ash is a promising Portland cement constituent with properties comparable to coal fly ash, which will contribute to reducing the clinker factor of cements and, therefore, to enhance the climate change mitigation.



Based on the above, the following conclusions have been drawn as practical guidance for architects, engineers, and other stakeholders.



	
The compressive strength decreases as the ground coal bottom ash and/or coal fly ash amount increases in the mortar mix because the pozzolanic reactions were not yet completed at 28 days. Considering the results of different mortar mixes, the optimum results were obtained with 10% of coal ashes, independently of the type of coal ash.



	
The compressive strength of mortars with different amounts of coal ash and different types of coal ash decreases with the increase in accessible porosity, presenting a good correlation at 28 days. However, at 90 days, the correlation between compressive strength and pore structure is deficient.



	
In addition, the influence of ground coal bottom ash and/or coal fly ash mixes on the pozzolanic properties was also investigated. All the coal ash mixes provide similar pozzolanic characteristics.



	
Similarly, soundness and water demand of the mortar are also reduced as the content of ground coal bottom ash and/or coal fly ash mixes increased in the mortars.



	
As expected, ground or unground coal bottom ash properties, such as compressive strength, pozzolanicity, soundness, and water demand, are quite different. The physical and chemical properties of ground coal bottom ash are similar to those of the coal fly ash. Therefore, ground coal bottom ash at levels of up to 10 to 35% can be safely used to replace Portland cement clinker, resulting in better pozzolanic properties, but also reduces the production of Portland cement clinker, and thereby decreases the greenhouse gas (GHG) effect.



	
The greater the replacement of cement by coal ash, the greater the amount of Ca(OH)2 fixed in the cement paste. Therefore, less portlandite is available in the mortar. This increases durability, since Ca(OH)2 is the most attackable compound of the hydration products.






Finally, we demonstrated that ground coal bottom ash and/or coal fly ash mixes have good potential as constituents of Portland cement, which is beneficial to the environment.
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Figure 1. Vicat plunger used for determining standard consistency of the cement (a) and Vicat apparatus used for determining initial and final setting time of cement (b). 
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Figure 2. Hydraulic press used to determine compressive strength test. 
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Figure 3. Mercury intrusion porosimetry (MIP). 
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Figure 4. Instrumental techniques to determinate chemical and mineralogical composition of cement by XRF (a) and XRD methods (b). 
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Figure 5. Coal ash cement paste properties: soundness. 
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Figure 6. Coal ash cement paste properties: water demand for normal consistency. 
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Figure 7. Coal ash cement paste properties: initial setting time and final setting time. 






Figure 7. Coal ash cement paste properties: initial setting time and final setting time.



[image: Crystals 12 00557 g007]







[image: Crystals 12 00557 g008a 550][image: Crystals 12 00557 g008b 550] 





Figure 8. Compressive strength of mortars from one to 90 days: (a) CEM I and CEM II/A-V mortars; (b) CEM II/B-V mortars; and (c) CEM IV/A (V) mortars. 
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Figure 9. Calcium hydroxide (Ca(OH)2) content of mortars: (a) CEM I (α) and CEM II/A-V (β, γ, δ); (b) CEM I (α) and CEM II/A-V (λ, Ω); (c) CEM I (α) and CEM II/B-V (β, γ, δ); (d) CEM I (α) and CEM II/B-V (λ, Ω); (e) CEM I (α) and CEM IV/A (V) (β, γ, δ); and (f) CEM I (α) and CEM IV/A (V) (λ, Ω). 
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Figure 10. Calcium hydroxide content versus compressive strength at: (a) 28 days; (b) 90 days. 
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Figure 11. Mercury intrusion porosimetry (MIP) of mortars: (a) CEM I and CEM II/A-V at 7 days; (b) CEM I and CEM II/A-V at 28 days; (c) CEM I and CEM II/B-V at 7 days; (d) CEM I and CEM II/B-V at 28 days; (e) CEM I and CEM IV/A (V) at 7 days; and (f) CEM I and CEM IV/A (V) at 28 days. 
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Figure 12. Effective or accessible porosity of mortars. 
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Figure 13. Accessible porosity of mortars versus compressive strength at: (a) 28 days; (b) 90 days. 
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Figure 14. Scanning electron microscopy (SEM) microphotographs: (a) Fly ash; (b) Bottom ash. 
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Figure 15. Back-scattered electron (BSE) micrographs of mortars either at 28 days or 90 days: (a) CEM I (α) 28 days; (b) CEM I (α) 90 days; (c) CEM II/A-V-β 28 days; (d) CEM II/A-V-β 90 days; (e) CEM II/B-V-λ 28 days; (f) CEM II/B-V-λ 90 days; (g) CEM IV/A (V)-Ω 28 days; and (h) CEM IV/A (V)-Ω 90 days. 
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Figure 16. Energy-dispersive X-ray spectroscopy (EDX) paste composition: (a) 28 days; (b) 90 days. 
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Figure 17. X-ray diffraction of mortars at 28 days (a) and 90 days (b). 
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Table 1. Chemical composition of raw materials: coal bottom ash, coal fly ash, and cement (%).
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Chemical Composition (%)

	
Cement

	
Fly Ash

	
Bottom Ash

	
Physical Properties of Cement






	
SiO2

	
20.9

	
50.5

	
52.2

	
Specific gravity (g/cm3)

	
3.10




	
Al2O3

	
4.3

	
28.9

	
27.5

	
Initial setting time (min)

	
205




	
Fe2O3

	
3.5

	
4.7

	
6.0

	
Final setting time (min)

	
325




	
CaO

	
62.7

	
5.0

	
5.9

	
Volume expansion (mm)

	
0.70




	
MgO

	
1.9

	
1.8

	
1.7

	
Specific surface Blaine (m2/kg)

	
4050




	
SO3

	
3.4

	
0.21

	
0.13

	
Compressive strength (MPa)

	




	
K2O

	
0.9

	
0.80

	
0.57

	
1 days

	
13.30




	
Ti2O5

	
0.25

	
1.56

	
1.53

	
3 days

	
19.45




	
P2O5

	
0.10

	
0.76

	
0.74

	
7 days

	
37.95




	
LOI

	
3.69

	
3.6

	
1.8

	
14 days

	
45.25




	
I.R. 1

	
1.04

	
71.3

	
75.7

	
28 days

	
50.98




	
CI−

	
0.023

	
0.00

	
0.001

	
90 days

	
55.55








1 Insoluble residue.
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Table 2. Bottom ash (BA) with fly ash (FA) and cement (CEM I 42.5 N) mixes.
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CEMENT MIX

	
% Material

	
Coal Fly Ash + Coal Bottom Ash Mix Codification




	
α

	
β

	
γ

	
δ

	
λ

	
Ω






	
CEM I

	
Fly ash

	
0%

	
0%

	

	

	

	

	




	
Bottom ash

	
0%

	

	

	

	

	




	
Cement

	
100%

	
100%

	

	

	

	

	




	
CEM II/A-V

	
Fly ash

	
10%

	

	
10%

	
9%

	
8%

	
5%

	
0%




	
Bottom ash

	

	
0%

	
1%

	
2%

	
5%

	
10%




	
Cement

	
90%

	

	
90%

	
90%

	
90%

	
90%

	
90%




	
CEM II/B-V

	
Fly ash

	
25%

	

	
25%

	
22.5%

	
20%

	
12.5%

	
0%




	
Bottom ash

	

	
0%

	
2.5%

	
5%

	
12.5%

	
25%




	
Cement

	
75%

	

	
75%

	
75%

	
75%

	
75%

	
75%




	
CEM IV/A (V)

	
Fly ash

	
35%

	

	
35%

	
31.5%

	
28%

	
17.5%

	
0%




	
Bottom ash

	

	
0%

	
3.5%

	
7%

	
17.5%

	
35%




	
Cement

	
65%

	

	
65%

	
65%

	
65%

	
65%

	
65%
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Table 3. Portlandite content determined by XRD.
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Cement Mix

	
Portlandite




	
28 Days

	
90 Days






	
CEM I-α

	
6.5%

	
3.4%




	
CEM II/A-V-β

	
2.9%

	
1.5%




	
CEM II/A-V-γ

	
2.5%

	
1.4%




	
CEM II/A-V-δ

	
2.9%

	
1.5%




	
CEM II/A-V-λ

	
2.7%

	
1.6%




	
CEM II/A-V-Ω

	
2.8%

	
1.7%




	
CEM II/B-V-β

	
2.8%

	
1.8%




	
CEM II/B-V-γ

	
2.9%

	
1.3%




	
CEM II/B-V-δ

	
2.8%

	
1.9%




	
CEM II/B-V-λ

	
2.8%

	
1.6%




	
CEM II/B-V-Ω

	
2.4%

	
1.6%




	
CEM IV/A (V)-β

	
2.4%

	
1.8%




	
CEM IV/A (V)-γ

	
2.3%

	
1.6%




	
CEM IV/A (V)-δ

	
2.8%

	
1.6%




	
CEM IV/A (V)-λ

	
2.2%

	
1.4%




	
CEM IV/A (V)-Ω

	
2.6%

	
1.7%




	
Maximum standard deviation

	
±0.2%




	
V→FA, BA and mixes of FA + BA
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