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Abstract

:

Coal remains an important fuel for use in thermal power plants. However, coal-burning power plants produce large amounts of CFA, which contains TEs such as B, F, and Se, which are leached upon contact with water and act as potential polluters of aquifer systems and soil. To study the transformation of TEs, a thermodynamic calculation (FactSage 7.2) was used. Paper sludge ash was used as a calcium compound additive. The influence of blending a high-calcium additive on the environmental safety of TEs was investigated based on the effect of the mass addition ratio of PS ash. This study’s results confirmed that the leaching processes of TEs, namely (CaO)2(Al2O3), CaF2, Ca10(PO4)F2, and CaSeO4(H2O)2, were caused by the formation of B, F, and Se compounds during the leaching process. Thus, it is clear that calcium has the greatest influence on the transformation of TEs due to their reaction, which, in turn, minimizes the effects of the TEs’ release into the environment. The concentrations of TEs from the sample and addition of PS ash decreased slightly, indicating that the inhibition of TEs was enabled through the addition of PS ash. Although the PS ash YB had the highest calcium content, the PS ash YC gave the best results during the B and Se inhibition processes. The experimental observation was also evaluated for comparison. For the analysis of TEs’ leaching ratios using the thermodynamic calculation and experiment, the experimental results were lower than those initially predicted. These results will help us to choose the best available control technology to minimize the effects of TEs released into the environment.
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1. Introduction


In 2040, coal is expected to be the single largest fuel source for energy generation, with a predicted share of almost 30%. Coal power plants generate millions of tons of coal combustion products (CCPs) each year, such as flue gas desulfurization materials, bottom ash, coal fly ash, boiler slag, and pollutant gases. Coal fly ash (CFA) is the most hazardous coal combustion product, as it contains hazardous leachable trace elements (TEs), such as As, Mo, and Se [1], in quantities sufficient to cause environmental damage. In coal fly ash, the concentration of trace elements is over 50 mg/kg, though the exact concentration depends on the composition of the original coal [2,3,4]. During the combustion process, the organic matter in coal is destroyed; resultantly, the concentrations of trace elements in coal fly ash are enhanced relative to those in the source coal [5]. Trace element release via combustion is one of the most environmentally damaging aspects of coal-based energy production due to its toxic and potentially carcinogenic propensities, as well as its high volatility. In recent years, coal fly ash has been utilized in different ways, including as a substitute material for Portland cement, structural fills (usually for road construction), soil stabilization, and mineral filler in asphaltic concrete, due to its physical properties. However, most coal fly ash derived from coal combustion is subjected to disposal. The disposal process involves interactions between fly ash particles and weathering and hydrological processes, through which rainfall leaches out trace elements, anions, and cations from the ash heaps, which pose environmental hazards by contaminating soil water, surface water, and groundwater. Recently, As, B, Cr, F, and Se species have attracted significant attention because of their high mobility and toxicity in the environment [4,6,7]. Given the increase in public awareness of the environmental impacts of coal combustion, it is vital to control TEs during coal combustion, as well as their leaching during fly ash treatment. To prevent TEs derived from coal fly ash from contaminating the environment, these elements can be removed through washing with water [8,9], acid, or other reagents [10], as well as by adding chemicals such as a Ca additive [11]. Ogawa et al. reported that upon treating fourteen different alkaline coal fly ashes via aging for 1–4 weeks at 10–30 °C, the concentration of As decreased both after being aged for a week and with an increase in the aging temperature of some coal fly ash samples. The fact that B and Cr were immobilized under colder conditions but underwent aging at the highest temperatures enhanced the leachability of Cr in some samples, and the fluorine content effectively decreased under warmer conditions. Fluoride (the anion of fluorine) is listed as a common contaminant of water by the World Health Organization (WHO) because it can cause many human health problems [12]. In plants, F can be absorbed by plants under natural conditions, and it is bound to insoluble compounds such as CaF2 [13].



Highly soluble particles such as CaO dissolve upon contact with water; only adding small amounts of water to coal fly ash for aging might lead to both the alkaline and strong super-saturation conditions required for the formation of several types of Ca-bearing minerals in coal fly ash paste, such as calcite and ettringite [14]. In another study, the higher leachability of As in acidic fly ash (HA) and alkaline fly ash (PD) was related to the detection of larger fractions of water-soluble and/or exchangeable trace elements via a serial leaching test [15]. In addition, the temperature during the leaching process also affects the leaching of trace elements from fly ash at temperatures above 30 °C, and the trace elements are stabilized completely, regardless of the pH [16]. For the development of additives that inhibit the leaching of trace elements into the environment, a previous study found that calcium helps to decrease the trace element leaching concentration; the application of mixture-based additives (PS ash + cements + Ca(OH)2) had a promising effect in terms of inhibiting the leaching of several trace elements, including by controlling the leaching of As, B, Cr, F, and Se [17,18,19].



The thermodynamic calculation of a chemical reaction in a closed system was performed based on the second law of thermodynamics, which was, in turn, used based on the principle of minimizing the free Gibbs energy. The factors affecting the free Gibbs energy included the chemical composition and structure as well as the condensed state (gas, liquid, or solid). A few past studies have used thermodynamic calculations to quantify trace element portioning behavior during the co-combustion and leaching processes, thus providing information about interactions based on a particular condition (e.g., temperature, pressure, and major elements in the sample) [19,20,21,22,23]. Liu et al. [20] reported that when developing a sewage sludge co-combustion system with multiple oxides of SiO2, Al2O3, and CaO, As reacted with CaO and Al2O3 to form AlAsO4(s) and Ca3(AsO4)2(s), which, in turn, inhibited As volatilization. In another study, the abundance of free CaO in fly ash generated an alkaline leachate during the leaching test and successively reduced As leaching as the precipitate preferentially occurred via the reaction of As with calcium and a high-pH leachate [23]. They also reported that the final pH of the leachate influenced the leaching process. An acidic leachate promoted the release of arsenic, indicating that adding CaO during the leaching process had no lasting consequences, meaning that trace elements may be mobilized due to environmental changes, such as by lowering the pH and increasing the temperature.



CaO is the major mineral oxide present in paper sludge ash; therefore, understanding the way that TEs interact with CaO could help us to determine the influence of a Ca additive on the environmental safety of TEs. This study outlines the influence of paper sludge ash as a Ca source when using different mass addition ratios as additives, possible TE formation, and its mechanism during the leaching process using FactSage 7.2 software analysis. The experimental analysis using the same parameters is also displayed for comparison. Applying an additive during the leaching process is a promising method for preventing trace element compounds from entering the environment and minimizing their leachability from coal fly ash.




2. Materials and Methods


2.1. Coal fly Ash Sample


The coal fly ash sample used in this research was obtained from a coal-fired power plants in Japan, namely FA AA. The chemical composition of the coal fly ash sample was determined via X-ray fluorescence analysis (WDXRF S8 TIGER, Bruker AXS, Yokohama, Japan). For the XRF analysis of the CFA and PS ash samples, small amounts of both (approximately 500 mg) were poured onto polypropylene thin film, which was attached previously onto a plastic O-ring sample cup with an outer diameter of 40 mm. The samples were added to the XRF instrument, and the chemical compositions of the samples were determined. Table 1 shows the chemical composition of the coal fly ash sample used in this study. Based on the XRF analysis, the calcium content of the CFA sample was 1.13%, and the calcium content of the PS ash ranged from 42.03% to 51.63%. The B, F, and Se contents in the CFA were 160.00 mg/kg, 10.00 mg/kg, and 3.87 mg/kg, respectively, while the PS ash also contained B, F, and Se.




2.2. Paper Sludge Ash as Inhibitor


The papermaking industry generates paper sludge ash (PS ash) waste as a by-product of the de-inking and re-pulping of paper, while filter cake is sourced from the lime industry, as it is a waste product derived from the CaCO3 manufacturing process. Several previous studies performed in our laboratory showed that the presence of Ca in fly ash greatly influences the leaching behavior of As, B, Cr, F, and Se, as the leaching of these elements may involve trapping As, B, Cr, F, and Se species through the ettringite phase (3CaO·Al2O3·3CaSO4 ·32H2O), leading to decreases in leaching under alkaline conditions [17,18,19]. Therefore, the Ca content and the sorption process play important roles in the release of As, B, Cr, F, and Se from CFA. Regarding the Ca content of the CFA sample, adding and blending the Ca compound maximizes the Ca concentration in the CFA sample. One of the substances that contains a large amount of calcium is PS ash. Therefore, adding PS ash can increase the Ca content, allowing us to control the release of trace elements into the CFA sample.



The paper sludge ash used in this study was obtained from a supplier operating in the papermaking industry in Japan. In this study, we used six types of PS ash, namely PS ash XA, PS ash XB, PS ash XC, PS ash YA, PS ash YB, and PS ash YC. The chemical composition of the PS ash was determined via X-ray fluorescence analysis (WDXRF S8 TIGER, Bruker AXS, Yokohama, Japan). As shown in Table 1, the PS ash used contained different CaO contents, with some variation between the lowest (PS ash YA, 42.03%) and highest CaO contents (PS ash YB, 51.63%). We also noted that the PS ash contained trace elements, which may influence the leaching characteristics and distribution of trace-element-bearing compounds during the leaching process.




2.3. Leaching Test


The leaching behavior of the trace elements derived from coal fly ash was quantified using the leaching test according to a procedure outlined by the Environment Agency of Japan’s Notification No. 13 [24]. Regarding the leaching procedure used in this work, as shown as Figure 1, in steps 1–3, the CFA sample was mixed with additives with variations of 5, 10, 15, and 30 wt.% before adding 25 wt.% of distillate water and air-drying the sample for 7 days at room temperature. A 5 g mixture of the prepared sample and 50 mL of distillate water in a polyethylene bottle were continuously shaken at a speed of 200 rpm for 6 h at room temperature. Then, the sample was placed into a centrifuge at 2000 rpm for 20 min and suction-filtered through a cellulose membrane filter of 0.45 µm (Mixed Cellulose Esters Membrane Filter, Toyo Roshi Kaisha, Ltd. Tokyo, Japan) to obtain the filtrate. Then, the filtrate was carefully analyzed using inductively coupled plasma atomic emission spectroscopy (ICP-AES, ULTIMA 2, HORIBA, Tokyo, Japan) to measure the B and Se. The limits of detection (LODs) for the method that used B and Se were 0.01 mg/L and 1 µg/L, respectively. The fluorine analysis was performed using ion chromatography (ION ANALYZER IA-300, DKK-TOA Corporation, Tokyo, Japan) with a limit of quantification (LOQ) of 0.025 mg/L. The B, F, and Se analyses were performed using several parallel samples until we possessed two datasets that differed only slightly, and the data were expressed as the average value.




2.4. Thermodynamic Calculation Analysis


In this study, thermodynamic calculation software (FactSage 7.2, Environmental and Renewable Energy Laboratory, Gifu University, Gifu, Japan) was used to perform a thermodynamic calculation to minimize the free Gibbs energy to simulate the chemical reaction equilibrium and processes. FactSage includes a compound database of all coal fly ash components. This calculation was used to predict the possible TE-bearing compounds in the coal fly ash and their distribution within six types of paper sludge ash (PS ash XA, XB, XC, YA, YB, and YC) and their mass addition ratio (10 and 30 wt.%). The data search tools used in this analysis included FactPS and FToxid. The leaching process, the predicted TE compounds, and the PS ash with a mass addition ratio at room temperature and atmospheric pressure were used as the input data. During the simulation analysis, aqueous and solid species were chosen as the outputs.





3. Results and Discussion


3.1. Leaching Characteristics of Coal Fly Ash and Paper Sludge Ash


The coal fly ash (FA AA) without the additive had different trends for the leaching of B, F, and Se, as shown in Table 2. The FA AA sample had relatively higher leachate concentrations of B, F, and Se than the environmental limit. The analyzed concentrations of B, F, and Se were 5.42 mg/L, 1.31 mg/L, and 37.75 µg/L, respectively. On the other hand, the leachate concentrations of B and Se in the PS ash were already below the environmental limit. The boron concentration of the paper sludge ash was analyzed in the range of < LOD as being 0.16 mg/L. The selenium leaching concentration was analyzed in the range of < LOD as being 5.70 µg/L. Despite the results obtained for B and Se, the concentration of fluorine was higher than the environmental limits for the PS ash XA, PS ash XB, and PS ash XC, while those of the PS ash YA, PS ash YB, and PS ash YC were already below environmental limit. The fluorine leaching concentration was analyzed in the range of from 0.40 to 9.06 mg/L.



The Ca concentration of the host FA AA at 181 mg/L was lower than that of the PS ash. The high Ca content in the PS ash could influence the inhibition of trace elements in the environment. The Ca concentration in the host PS ash was in the range of from 677 to 1045 mg/L, and the XRF analysis also showed that the CaO compound of the original Ca in the PS ash was higher than that of the FA AA sample. Regarding pH characterization, the sample and additive are classified as alkaline ashes (variation in pH in the range 10.04–12.51). To support the analysis, statistical analysis was performed using a single-factor ANOVA, as shown in Table 3. In this analysis, we performed the analysis as functions of different types of PS ash and the blending ratio of PS ash to the sample. As a function of the different types of PS ash, the F statistic was lower than the F critical value, meaning that the test was not significant. Regarding the p value, the analysis showed that the p value, as a function of the different types of PS ash, was 1.00, 0.29, and 1.00 for B, F, and Se, respectively. Regarding our hypotheses (p = 0.05), a p value > 0.05 meant that a null hypothesis occurred, with no difference recorded in the variation between the different kinds of PS ashes. On the other hand, as a function of the blending ratio of PS ash to the sample, the F statistic was higher than the F critical value, meaning that the test was significant. Regarding the p value, the analysis showed that the p value as a function of the blending ratio of PS ash to the sample was 5.33 × 10−20, 0.027, and 2.39 × 10−15 for B, F, and Se, respectively. Regarding our hypotheses (p = 0.05), a p value < 0.05 meant that a null hypothesis occurred, indicating a significant difference between the blending ratio of PS ash to the sample for all elements, except fluorine (p value > 0.05).



The impacts of blending a high-calcium additive on the environmental safety of B, F, and Se were investigated through the effect of the mass addition ratio of PS ash to FA AA, as shown in Figure 2, Figure 3 and Figure 4. The boron concentration of the extracts derived from the non-addition of additive samples was 5.42 mg/L. Adding PS ash contributed to B inhibition (see Figure 2), and the B concentrations decreased to 1.54 mg/L (PS ash XA), 0.53 mg/L (PS ash XB), 1.80 mg/L (PS ash XC), 1.23 mg/L (PS ash YA), 2.36 mg/L (PS ash YB), and 1.85 mg/L (PS ash YC) at a 5% addition ratio of the additive. The concentrations of B at an addition ratio of 15% decreased slightly due to the environmental limits, except for the PS ash YC (1.075 mg/L). In the last addition ratio studies of PS ash, for all the contributions of water-soluble B under the environmental limits, the B concentrations were 0.43 mg/L (PS ash XA), 0.445 mg/L (PS ash XB), 0.325 mg/L (PS ash XC), 0.945 mg/L (PS ash YA), 0.41 mg/L (PS ash YB), and 0.07 mg/L (PS ash YC). The concentrations of B from the sample and the PS ash additive slightly decreased, indicating that the inhibition of B was effective as a result of the addition of PS ash as an inhibitor. The best effect on the inhibition process at an addition ratio of 15% was recorded for the PS ash YB due to its the higher calcium content. Disparate results were recorded at an addition ratio of 30%; although the PS ash YB had the highest calcium content, the PS ash YC gave the best results for the inhibition process of B.



The fluorine concentrations of the extracts derived from the non-addition of additive samples were all 1.31 mg/L. The addition of PS ash contributed to F inhibition (see Figure 3), and the F concentrations decreased slightly in some samples due to the addition, except for the PS ash XC, with increases of 0.52 mg/L (PS ash XA), 0.91 mg/L (PS ash XB), 1.35 mg/L (PS ash XC), 1.20 mg/L (PS ash YA), 0.84 mg/L (PS ash YB), and 1.30 mg/L (PS ash YC) recorded at a 5% addition ratio. In prior addition ratio studies of PS ash, all the contributions of water-soluble F remained above the environmental limit, and the F concentrations were 1.22 mg/L (PS ash XA), 0.98 mg/L (PS ash XB), 1.20 mg/L (PS ash XC), 1.25 mg/L (PS ash YA), 0.83 mg/L (PS ash YB), and 0.99 mg/L (PS ash YC). The concentration of F derived from the sample and addition of the PS ash did not reach the environmental limit, indicating that at a 30% addition ratio, the sample did not affect the inhibition of F. Thus, a higher addition ratio would be needed for more effective F inhibition.



The selenium concentrations of the extracts derived from the non-addition of additive samples were all 37.75 mg/L. The addition of PS ash contributed to Se inhibition (see Figure 4), and the Se concentrations decreased to 18.45 µg/L (PS ash XA), 21.4 µg/L (PS ash XB), 15.70 µg/L (PS ash XC), 21.65 µg/L (PS ash YA), 16.55 µg/L (PS ash YB), and 17.65 µg/L (PS ash YC) at a 5% addition ratio of the additive. The concentrations of Se at an addition ratio of 15% decreased slightly under the environmental limits, except for the PS ash XB and PS ash XC (12.8 µg/L and 11.55 µg/L, respectively). In prior addition ratio studies of the PS ash, for all the contributions of water-soluble Se under the environmental limits, except for the PS ash YB, the leaching concentration was increased by increasing the mass addition ratio from 15% (3.05 µg/L) to 30% (11.55 µg/L). The selenium concentrations were 9.65 µg/L (PS ash XA), 3.49 µg/L (PS ash XB), 3.25 µg/L (PS ash XC), 9.7 µg/L (PS ash YA), and 2.73 µg/L (PS ash YC). The concentrations of Se from the sample and the addition of the PS ash slightly decreased, indicating that the inhibition of Se was effective due to the addition of PS ash as an inhibitor. The best effect on the inhibition process of the different types of PS ashes at an addition ratio of 15% was given by the PS ash YB due to the higher calcium content. Disparate results were recorded at an addition ratio 30%; although the PS ash YB had the highest calcium content, the PS ash YC gave the best results for the inhibition process of Se.




3.2. Thermodynamic Calculation: The Transformation and Mechanism of Trace Elements during Leaching Process


Thermodynamic calculation was employed to theoretically predict the possible TE-bearing compounds in the fly ash and their distribution in the water solution. The possible TE distributions during the interactions between the TEs and paper sludge ash components during the leaching process are shown in Table 4. Based on the interaction, both the calcium compound and K, Mg, and Na compounds could inhibit the leaching of TEs. Based on our results, the speciation forms of B, F, and Se that occurred as a result of blending the CFA sample and the PS ash compound were (CaO)2(Al2O3)(B2O3), CaF2 and Ca10(PO4)6F2, and CaSeO4(H2O)2, respectively. It seems that B, F, and Se react and deal with Ca better than other mineral oxides.



3.2.1. Boron


The leaching behavior of B derived from coal fly ash with PS ash clearly depends on the presence of CaO. Figure 5 shows the possible mechanism of boron distribution during the leaching process. Firstly, the predicted boron/(Al2O3)9(B2O3)2 reacts with water to form HBO2; with the addition of 0.6 g of CaO, HBO2 begins to decrease and CaB4O7 begins forming, and that compound reacts with CaO to form CaB2O4. With the addition of 1.8 g of CaO, CaB2O4 reacts with CaO to form (CaO)2(Al2O3)(B2O3), and that species remains stable by increasing the addition of CaO. The possible mechanism of the B distribution during the leaching process is explained by Equations (1)–(4):


(Al2O3)9(B2O3)2 + 11H2O → 9Al2O3(H2O) + 4HBO2



(1)






4HBO2 + CaO + H2O → CaB4O7 + 3H2O



(2)






CaB4O7 + CaO + H2O → 2CaB2O4 + H2O



(3)






CaB2O4 + CaO + H2O + Al2O3 → (CaO)2(Al2O3)(B2O3) + H2O



(4)







Based on these results, the speciation form of B resulting from the Ca compound was (CaO)2(Al2O3)(B2O3). The amount of calcium was the main factor involved in the controlling process, as B can react with calcium and form relatively insoluble compounds such as Ca2B2O5 and Ca3B2O6 [26].




3.2.2. Fluorine


Figure 6 shows the possible mechanism of F distribution during the leaching process. Firstly, the masses of Al2O3 and H4SiO4 (as the results of the reaction of SiO2 and water) start to decrease and that of CaAl2Si2O7(OH)2 increases by increasing the mass of CaO in PS ash. Once again, at a mass of CaO of 0.4 g, CaAl2Si2O7(OH)2 starts to decrease to form Ca3Al2Si3O12, and that compound stabilizes by increasing the mass of CaO. Finally, the formation of CaF2 and Ca10(PO4)6F2 occurs due to the reaction of the predicted fluorine (SiAl2F2O4) with CaO, and that compound stabilizes during the leaching process. The stable species form during this process, indicating that this species is the final species to consist of coal fly ash after the leaching process. Based on our results, the speciation forms of F as a result of the Ca compound were CaF2 and Ca10(PO4)6F2. The possible mechanism of the F distribution during the leaching process can be better explained using Equations (5) and (6):


SiAl2F2O4 + CaO + 2H2O → CaF2 + Al2O3 + H4SiO4



(5)






SiAl2F2O4 + 10CaO + 3P2O5 + 2H2O → Ca10(PO4)6F2 + Al2O3 + H4SiO4



(6)







Several studies have analyzed the calcium- and F-bearing compounds that exist within coal fly ash that might be produced during the combustion process [27,28,29]. This study shows that it is mainly the fluorine compounds in coal that are insoluble, such as CaF2, MgF2, FeF3, and AlF3. These F compounds are the main occurrence states after the coal combustion process and are difficult to break down even at high temperatures. Wang et al. explained that several oxide compounds inside coal, including CaO in fly ash, take part in the formation of insoluble fluorides.




3.2.3. Selenium (Se)


Figure 7 shows the possible mechanism of Se distribution during the leaching process. Firstly, the masses of Al2O3 and H4SiO4 (as the results of the reaction of SiO2 and water) start to decrease and that of CaAl2Si2O7(OH)2 increases by increasing the mass of CaO in PS ash. Once again, at a mass of CaO of 0.4 g, CaAl2Si2O7(OH)2 starts decrease to form Ca3Al2Si3O12, and that compound stabilizes by increasing the mass of CaO. Finally, the formation of CaSeO4(H2O)2 occurs due to the reaction of the predicted selenium/MgSeO3 with CaO, and that compound stabilizes during the leaching process. The stable species form during this process, indicating that this species is the final species to consist of coal fly ash after the leaching process. Based on our results, the speciation form of Se resulting from the Ca compound is CaSeO4(H2O)2. The possible mechanism of the Se distribution during the leaching process can be better explained using Equation (7):


MgSeO3 + CaO + 2H2O → CaSeO4(H2O)2 + Mg2+



(7)









3.3. Comparison of Leaching Ratio between Experimental and FactSage


The validity of the leaching ratio of an experimental analysis is only confirmed once its results are contrasted with the FactSage it intends to represent. Regarding the experimental analysis, the variation in the B leaching ratio ranged from the lowest ratio of 77.27% given by the PS ash YC (addition ratio of 10%) to the highest ratio of 98.75% given by the PS ash YC (addition ratio of 30%). Compared to FactSage, a B leaching ratio of 100% was achieved at all addition ratios for PS ash, with relative errors of around 4.97–25.68% at an addition ratio of 10% for PS ash and 1.26–19.02% at an addition ratio of 30% for PS ash. For F, it seems that the relative error was achieved at more than 100% for the ratio (addition of 30% of the PS ash XA, 10% of the PS ash XC, and 10% and 30% of the PS ash YA), making it useless to compare the experimental analysis and FactSage simulation due to the highest gap between the F leaching ratios being between the experimental resutls and FactSage. Overall, for the F leaching ratio proposed in this study, the FactSage simulation was not good agreement with the experimental analysis. On the other hand, for the Se case, the Se leaching ratio determined via the experiment was around 96.61–99.18% compared to about a 100% ratio for the FactSage analysis, with a relative error under 3.5%. Overall, for the Se leaching ratio proposed in this study, the FactSage simulation was in good agreement with the experimental analysis. The complete set of all variations in the blending ratios of PS ash results is presented in Table 5. In addition, the results are shown in Figure 8, Figure 9 and Figure 10 for B, F, and Se, respectively.



For B, the leaching ratio is shown in Figure 8, and it seems that the leaching ratio at an addition ratio of 10% had a good agreement between the PS ash YB and the relative error of 4.97%. Upon increasing the mass addition ratio to 30%, the B leaching ratio had a good agreement for the PS ash YC, with a relative error of 1.26% (see Table 5). Overall, PS ash, when used as an additive, can control the leaching concentrations of TEs, including B, F, and Se [17,18]. The same pattern was also found for Se, as shown in Figure 10. The Se leaching ratio at an addition ratio of 10% was achieved at around 96.61–98.68%, and increasing the addition ratio increased the Se leaching ratio to 96.94–99.28%, with a relative error of 0.73–3.45%. On the other hand, the F leaching ratio was much lower than the FactSage simulation, making the relative error achieved range from 35% to more than 100%. The possible reason is the kinetic control during the leaching test due to a lack of agitation and the short residence time [15]; therefore, the thermodynamic calculation (FactSage 7.2) did not consider the reaction time, which is necessary for the theoretical equilibrium state to be reached [30].





4. Conclusions


The impacts of blending a high-calcium additive on the environmental safety of B, F, and Se were determined via FactSage and experimental analysis through the effect of the mass addition ratio of PS ash. The experimental results confirmed that the concentrations of B, F, and Se from the sample and the additive decreased slightly, indicating that the inhibition processes realized through the addition of PS ash were effective. The FactSage results confirmed that the leaching processes of TEs, namely (CaO)2(Al2O3)(B2O3), CaF2, Ca10(PO4)F2, and CaSeO4(H2O)2, were predicted to be caused by B, F, and Se compounds forming in the leaching process of coal fly ash with paper sludge ash. Clearly, calcium is the most influential factor on the transformation of TEs. Calcium reacts strongly with TEs during the leaching process and, in turn, minimizes the effects of the release of TEs into the environment. The PS ash YB contained the highest calcium content and showed a strong ability to immobilize fluorine. On the other hand, the PS ash YC gave the best results for the inhibition processes of B and Se. Regarding the statistical analysis using single-factor ANOVA, there was no significant difference between the different types of PS ash. On the other hand, the influence of the blending ratio of PS ash to the sample showed a significant difference between the tests.



The analysis of the leaching ratio via thermodynamic calculation and experiments is also presented; again, the PS ash YB showed the best effect on the fluorine leaching concentration with an addition ratio of 15%, while the PS ash XC showed the best effects on the B and Se leaching concentrations at an addition ratio of 30%. Studying the possible interactions between TEs and mineral oxide in PS ash, based on the interaction, shows that not only can calcium compounds inhibit the leaching of B and F, but they can also do so for K, Mg, and Na, while Se only has a good correlation with calcium. Overall, the results of the FactSage simulation were in good agreement with the experimental analysis, where the relative error of B was 1.26–25.68% and that of Se was 0.73–3.45%
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Figure 1. Schematic diagram of the leaching test and thermodynamic calculation. 
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Figure 2. The effect of the additive material on the B leaching concentration. 






Figure 2. The effect of the additive material on the B leaching concentration.



[image: Environments 11 00032 g002]







[image: Environments 11 00032 g003] 





Figure 3. The effect of the additive material on the F leaching concentration. 






Figure 3. The effect of the additive material on the F leaching concentration.



[image: Environments 11 00032 g003]







[image: Environments 11 00032 g004] 





Figure 4. The effect of the additive material on the Se leaching concentration. 
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Figure 5. Thermodynamic calculation results of the mechanism and distributions of B during the leaching process. 
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Figure 6. Thermodynamic calculation results of the mechanism and distributions of F during the leaching process. 
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Figure 7. Thermodynamic calculation results of the mechanism and distributions of Se during the leaching process. 
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Figure 8. Thermodynamic calculation results of the formation and distribution of B during leaching effect of addition ratio of PS ash: (a) 10% and (b) 30%. 
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Figure 9. Thermodynamic calculation results of the formation and distribution of F during leaching effect of addition ratio of PS ash: (a) 5%; (b) 10%; (c) 15% and (d) 30%. 
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Figure 10. Thermodynamic calculation results of the formation and distribution of Se during leaching effect of addition ratio of PS ash: (a) 10% and (b) 30%. 
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Table 1. Chemical composition of coal fly ash and paper sludge ash as additive by XRF analysis.
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Chemical Composition

	
Coal Fly Ash

	
Additives




	
PS Ash XA

	
PS Ash XB

	
PS Ash XC

	
PS Ash YA

	
PS Ash YB

	
PS Ash YC






	
SiO2

	
%

	
59.38

	
30.26

	
29.19

	
32.95

	
24.47

	
28.21

	
31.06




	
Al2O3

	
20.45

	
15.89

	
15.59

	
16.52

	
14.10

	
15.61

	
16.88




	
TiO2

	
0.62

	
0.74

	
0.76

	
0.78

	
0.31

	
0.46

	
0.76




	
Fe2O3

	
15.65

	
0.73

	
0.51

	
0.66

	
15.76

	
1.15

	
0.61




	
CaO

	
1.13

	
46.78

	
48.86

	
42.77

	
42.03

	
51.63

	
47.46




	
MgO

	
0.61

	
2.46

	
2.38

	
2.55

	
2.12

	
2.19

	
2.12




	
Na2O

	
0.47

	
0.12

	
0.08

	
0.24

	
0.38

	
0.04

	
0.12




	
K2O

	
1.06

	
0.54

	
0.50

	
0.59

	
0.10

	
0.13

	
0.15




	
P2O5

	
0.08

	
0.50

	
0.43

	
0.45

	
0.31

	
0.23

	
0.15




	
MnO

	
0.07

	
0.06

	
0.05

	
0.04

	
0.08

	
0.04

	
0.04




	
V2O5

	
0.01

	
0.01

	
0.02

	
0.01

	
0.01

	
0.01

	
0.02




	
SO3

	
0.49

	
1.91

	
1.64

	
2.43

	
0.33

	
0.30

	
0.64




	
Total

	
100

	
100

	
100

	
100

	
100

	
100

	
100




	
Trace Elements

	




	
B

	
mg/kg

	
160.00

	
100.00

	
91.00

	
110.00

	
32.00

	
40.00

	
95.00




	
F

	
10.00

	
240.00

	
280.00

	
350.00

	
180.00

	
170.00

	
210.00




	
Se

	
3.87

	
0.60

	
0.70

	
1.20

	
0.20

	
0.40

	
0.70











 





Table 2. Trace element leachate concentrations in coal fly ash and paper sludge ash.
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Sample and Additives

	
Leaching Concentration

	
pH




	
B (mg/L)

	
F (mg/L)

	
Se (µg/L)

	
Ca (mg/L)






	
FA AA

	
5.42

	
1.31

	
37.75

	
181

	
10.04




	
PS ash XA

	
<LOD

	
2.30

	
4.45

	
828

	
12.32




	
PS ash XB

	
<LOD

	
2.25

	
4.60

	
949.5

	
12.34




	
PS ash XC

	
<LOD

	
9.06

	
<LOD

	
677

	
12.24




	
PS ash YA

	
0.02

	
0.40

	
5.70

	
986

	
12.51




	
PS ash YB

	
0.04

	
0.47

	
<LOD

	
1010

	
12.49




	
PS ash YC

	
0.16

	
0.65

	
<LOD

	
1045

	
12.46




	
Japanese environmental limit [25]

	
1.00

	
0.80

	
10.00

	
-

	
-











 





Table 3. Analysis of variation (single-factor ANOVA: p = 0.05) function of PS ash and blending ratio.
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Trace Elements

	
Function of PS Ash

	
Function of Blending Ratio




	
Fa Statistic

	
p-Value

	
F Critical

	
Fa Statistic

	
p-Value

	
F Critical






	
B

	
0.01

	
1.00

	
2.62

	
261.33

	
5.33 × 10−20

	
2.76




	
F

	
1.33

	
0.29

	
2.62

	
3.28

	
0.027

	
2.76




	
Se

	
0.06

	
1.00

	
2.62

	
107.04

	
2.39 × 10−15

	
2.76








Fa is the test statistic in one-way single-factor ANOVA.













 





Table 4. Interactions between trace elements in coal fly ash and paper sludge ash during the leaching process.
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Component Interaction

	
Speciation Forms




	
B

	
F

	
Se






	
TEs + H2O

	
HBO2(s)

	
SiAl2F2O4(s)

	
SeO32−(aq) and Se(s)




	
TEs + H2O + SiO2

	
HBO2(s) and H4SiO4(s)

	
SiAl2F2O4(s) and H4SiO4(s)

	
SeO32−(aq) and Se(s)




	
TEs + H2O + Al2O3

	
HBO2(s)

	
SiAl2F2O4(s)

	
SeO32−(aq) and Se(s)




	
TEs + H2O + TiO2

	
HBO2(s)

	
SiAl2F2O4(s)

	
SeO32−(aq) and Se(s)




	
TEs + H2O + Fe2O3

	
HBO2(s)

	
SiAl2F2O4(s) and Fe2O3(s)

	
SeO32−(aq) and Se(s)




	
TEs + H2O + CaO

	
HBO2(s), CaB2O4(s), CaB4O7(s), and (CaO)2(Al2O3)(B2O3)(s)

	
Ca(OH)2(s) and CaF2(s)

	
SeO32−(aq), CaSeO4(H2O)2, and Se(s)




	
TEs + H2O + MgO

	
HBO2(s) and Mg2B2O5(s)

	
Mg(OH)2(s) and MgF2(s)

	
SeO32−(aq) and Se(s)




	
TEs + H2O + Na2O

	
HBO2(s), NaBO2(s), and Na2B4O7(s)

	
Na3AlF6(s) and NaAlSiO4(s)

	
SeO32−(aq) and Se(s)




	
TEs + H2O + K2O

	
HBO2(s), KBO2(s), and K2B4O7(s)

	
KAl3Si3(OH)2(s)

	
SeO32−(aq) and Se(s)




	
TEs + H2O + P2O5

	
HBO2(s)

	
H4SiO4(s) and AlF3(s)

	
SeO32−(aq) and Se(s)




	
TEs + H2O + SO3

	
HBO2(s)

	
H4SiO4(s) and AlF3(s)

	
SeO32−(aq) and Se(s)











 





Table 5. Comparison of the leaching ratio between the experiment and FactSage.
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Additives

	
Blending Ratio (%)

	
Leaching Ratio (%) a

	
Relative Error (%) b




	
Experimental

	
FactSage




	
B

	
F

	
Se

	
B

	
F

	
Se

	
B

	
F

	
Se






	
XA

	
10

	
78.97

	
62.58

	
97.17

	
100

	
89.44

	
100

	
23.51

	
35.33

	
2.87




	
30

	
92.07

	
27.14

	
97.71

	
100

	
83.75

	
100

	
8.26

	
102.10

	
2.31




	
XB

	
10

	
79.15

	
52.81

	
97.66

	
100

	
89.62

	
100

	
23.27

	
51.69

	
2.37




	
30

	
91.79

	
41.38

	
99.18

	
100

	
85.14

	
100

	
8.56

	
69.17

	
0.83




	
XC

	
10

	
82.01

	
−1.06

	
97.75

	
100

	
89.31

	
100

	
19.77

	
204.82

	
2.28




	
30

	
94.00

	
28.54

	
99.14

	
100

	
81.04

	
100

	
6.18

	
95.83

	
0.86




	
YA

	
10

	
89.89

	
17.28

	
98.68

	
100

	
90.70

	
100

	
10.65

	
136.00

	
1.33




	
30

	
82.63

	
25.91

	
97.77

	
100

	
90.38

	
100

	
19.02

	
110.89

	
2.26




	
YB

	
10

	
95.15

	
47.61

	
96.61

	
100

	
90.65

	
100

	
4.97

	
62.26

	
3.45




	
30

	
92.49

	
50.47

	
96.94

	
100

	
90.19

	
100

	
7.80

	
56.48

	
3.11




	
YC

	
10

	
77.24

	
36.56

	
98.13

	
100

	
90.57

	
100

	
25.68

	
84.97

	
1.89




	
30

	
98.75

	
41.29

	
99.28

	
100

	
88.74

	
100

	
1.26

	
72.98

	
0.73








a The leaching ratio was defined as the percentage of the total mass/concentration of TEs in the leachate relative to their total mass/concentration in both the sample and additives. b The relative error is defined as the difference between the FactSage and experiment divided by average of both methods.
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