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Abstract

:

Municipal solid waste and cement manufacture are two sources of environmental justice issues in urban and suburban areas. Waste utilization is an attractive alternative to disposal for eliminating environmental injustice, reducing potential hazards, and improving urban sustainability. The re-use and recycling of municipal solid waste incineration (MSWI) ash in the construction industry has drawn significant attention. Incorporating MSWI ash in cement and concrete production is a potential path that mitigates the environmental justice issues in waste management and the construction industry. This paper presents a critical overview of the pretreatment methods that optimize MSWI ash utilization in cement/concrete and the influences of MSWI ash on the performance of cement/concrete. This review aims to elucidate the potential advantages and limitations associated with the use of MSWI ash for producing cement clinker, alternative binder (e.g., alkali-activated material), cement substitutes, and aggregates. A brief overview of the generation and characteristics of MSWI ash is reported, accompanied by identifying opportunities for the use of MSWI ash-incorporated products in industrial-scale applications and recognizing associated environmental justice implications.
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1. Introduction


Urbanization has resulted in environmental issues (e.g., pollutions and climate change) and unfair distribution of environmental benefits and burdens to different types of populations (also known as environmental inequity/injustice) [1]. Environmental justice has brought the public’s significant attention since the 1980s [2]. Many worldwide academic and governmental studies have been carried out to evaluate the correlation between factors (i.e., racial-ethnic group, poverty, and age) and exposed industrial pollutions [3,4,5,6]. Recent environmental justice studies have focused on ascertaining the disproportionated exposures of low-income minorities to air pollution, waste treatment, and disposal facilities [7,8]. A significant number of pieces of evidence have been unveiled: environmental hazard disproportionately affects the low-income and people of color (POC, including but not limited to Black and Hispanic American) in the United States (US) [9,10].



Waste sites (disposal, storage, and treatment facilities) have been recognized as the primary sources of environmental injustice in many regions (United Kingdom, Europe, and North America) [11]. Although the health concerns around waste sites in POC neighborhoods have been well-documented [12,13,14,15], substantial solutions to dismantling the barriers of environmental justice have not been well-established. The management of municipal solid waste (MSW) in the US has significant impacts on environmental justice. Case studies in Southern Texas [7,14,15,16] unveiled that MSW sites have been historically and predominantly located in/by POC neighborhoods and schools. The disposal of MSW has posed toxicological risks (emissions of hazardous compounds, e.g., landfill gas produced by bio-degradation) and odor nuisance [17]; the failure or disfunction of air pollution control (the collection of fine particles from MSW incineration) in waste-to-energy plants has posed pneumological risks to land proximity regions [18]; the landfilling of municipal solid waste incineration (MSWI) ash may contaminate water and soils by toxic leachates [19].



Unfortunately, the substantial dismantling of the barriers of environmental justice has not been accomplished. Besides many intensively discussed political reasons [14,15,16] (which are out of the interest of this review), the difficulty in environmental equity may be explained by one fact: middle-class people have more budgets to relocate—their mobility makes them less vulnerable to environmental issues than the poor [20]. Non-political and technical solutions to resolve environmental injustice are necessary and urgent. Technical solutions to the re-use and recycling of MSWI ash are critical to mitigating environmental injustice.



The global generation of MSW is over 2 billion tons (Gt) per year, while the MSW recycling rate is still low [12]. For example, in the US, ~300 million metric tons (Mt) of urban wastes are landfilled annually, but only ~30 Mt is incinerated with energy recovery in waste-to-energy plants. After metal separation, ~7 Mt of MSWI ash is generated yearly in the US [21]. With the rapid urbanization and population growth, the growth in the MSW generation is inevitable. The appropriate utilization of MSWI ash in the circular economy is the key to mitigating MSW-related environmental injustice and promoting urban sustainability.



The construction industry is the only sector that is comparable to the volume of MSWI ash and could match a potential market for MSWI ash utilization. Concrete is the second most used material by mass, just after water. The global production of concrete is ~26 Gt/year [22]. The US and global productions of Portland cement (PC, the primary binder of concrete) are ~100 Mt and 4100 Mt per year, respectively [23]. The concrete industry contributes to ~9% global anthropogenic CO2 emission yearly (primarily from cement manufacture), and the mass of material flows—over 30 Gt/year of raw materials are quarried [24,25]. The local raw materials extraction for cement and concrete production has significant environmental and health impacts on the low-income or POC populations [25,26]. The utilization of MSWI ash in concrete production may mitigate the environmental justice issues from both ends.



Recent studies have suggested that MSWI ash can be used to produce concrete, brick, and other construction materials with or without pretreatment of MSWI ash [27,28,29,30]. The heavy metals (HMs, e.g., Zn, Ni, and Cr) in raw MSWI ash can be immobilized in concrete or removed in further processing before mixing into concrete [31]. Note that the HMs content of MSWI ash depends on many factors (e.g., waste sources, separation, and processing conditions) [31]. The mechanical performance of MSWI ash incorporated concrete, and the leaching behaviors of the ash and concrete have been reported [32,33,34]. Existing articles are mainly case studies of the mechanical performance and environmental impacts of MSWI ash-incorporated cement-based materials [35,36]. Oftentimes, different studies reported contrary results, simply due to different cement types [37] and the compositional and structural variability in MSWI ash [38]. Existing reviews basically have summarized ash pretreatment techniques, ash leachability, or simply mechanical properties of ash-incorporated concrete [31,33,34,39,40]. Few reviews have discussed cement-ash interaction mechanisms, resources management, or the feasibility of ash pretreatment in practice. Existing literature may not be suitable for experts in environmental engineering, environmental justice, and cement chemistry to understand the ash-cement interaction mechanism or scale up a practical technology for ash recycling. For example, an inappropriate experimental design in a study of ash-incorporated concrete may mislead readers, possibly due to the lack of background in concrete [41]. Thus, an interdisciplinary area that links MSWI ash, concrete, and environmental justice deserves attention, yet remains unexplored.



This paper aims to link existing work and trends in MSWI ash-incorporated cement and concrete and explore future paths to mitigate environmental injustice at scale. This study discusses potential strategies to guide and introduce engineers and scientists outside the construction sector to the MSWI ash waste management technologies. This paper also provides understandable background to the public. This work has great implications in promoting the use of MSWI ash in high-value standard-performance cement-based materials. This paper serves as a tutorial review for scientists and engineers new into the field of MSWI ash-incorporated cement/concrete, technical support for life-cycle assessment modelers and environmentalists, and a guide for decision-makers to mitigate environmental justice issues.




2. Municipal Solid Waste Incineration Ash and Concrete


2.1. Municipal Solid Waste Incineration Ash


For incinerating one metric ton of MSW in a waste-to-energy plant, 200–250 kg of MSWI bottom ash (BA) and 10–30 kg of MSWI fly ash (FA) are generated, respectively [21]. MSWI BA includes the residues that remain in waste-to-energy furnaces after incineration and the residues in air pollution control of the flue gas. MSWI FA is the fine porous particles separated by filters or electrostatic precipitators in air pollution control. The compositions of MSWI ash depend on many factors (e.g., MSW sources, metals separation technologies, and incineration facilities) [31]. Table 1 lists the chemical compositions of MSWI ash from different sources. Although an existing review concluded that compositions of MSWI ash from the same location are similar [42], discrepancies can be found in [43,44]. The chemical compositions of MSWI BA and FA from the same source are also significantly various, see Table 1. BA is oftentimes non-hazardous and contains 65–99 wt.% of minerals, glass, or ceramics, 7–16 wt.% of metals (e.g., zinc and aluminum), and 1–5 wt.% of unburnt organics [21]. The particle size of BA typically ranges from 0.1 mm to 10 mm with a small fraction of up to 30 mm [45]. BA is chemically heterogeneous, and the heterogeneity is particle size-dependent, see Table 2. From the same batch of MSWI, the SiO2 content of BA increases as the particle size increases. A similar trend is also found in [46], where HMs content follows an opposite trend with the particle size.



The typical particle size distribution of MSWI FA is 1–300 μm [42]. MSWI FA is typically more calcium- and/or alkali- rich than BA because lime or sodium carbonate is used in acid gas neutralization during air pollution control [53]. MSWI FA contains over 5% of unburnt organics [54], and the upper bound is sometimes nearly 35% [31]. MSWI FA is hazardous with the presence of HMs, sulfide, and chloride due to their vaporization during incineration, see Table 3 for the HMs content. During incineration, vaporized compounds adsorb on the large surface area of fine fly ash particles [55]. Note that the variability in HMs content of MSWI FA from different sources can be three orders of magnitude [38].




2.2. Concrete


Concrete, the most common construction material, is made from 10–15% binder (typically PC), 15–20% tap water, and 65–75% aggregates (fine and coarse) by volume. Fine aggregate, sand, or crushed stone, has a particle size range of 150 μm–4.75 mm. The particle size range of coarse aggregate, gravel, is typically 4.75 mm–38 mm. Figure 1 represents the structure of PC-based concrete at different scales. Ordinary Portland cement (OPC; Ca, Si, Al, and Fe-rich pure PC) reacts with water, forming hardened cement pastes that bind aggregates. The common water-to-binder ratio of concrete is 0.2–0.6. Lower ratios correspond to fewer water-induced pores, thus higher strengths. Compressive strength is the most important property of concrete as a building material. Hydrated cement generates calcium hydroxide and calcium silicate hydrate (C-S-H, the primary binding phase) and yields a pore solution with a pH of ~13 [60]. This basic environment limits the corrosion of steel rebar [61], which is important as concrete in buildings is commonly steel-reinforced. Supplementary cementitious materials (SCMs), typically industrial byproducts, are used to partially replace OPC to lower the carbon footprint and cost of concrete and improve concrete’s long-term mechanical properties and durability [62,63]. Figure 2 shows the approximate compositions of PC, MSWI ash, and industrial byproducts (coal fly ash, silica fume, and ground granulated blast-furnace slag (GGBFS)).



C-S-H is a layered phase with a grain size of 3–5 nm [67,68]. C-S-H can adsorb many organics due to its high surface area [69,70] and immobilize many toxic elements (e.g., Cr, Pb, Sb, and Zn) by interlayer Ca substitution and surface complexation [71,72,73]. Minor hydration products, e.g., ettringite (Ca6Al2(SO4)3(OH)12 · 26H2O), can also immobilize toxic elements [74]. PC hydration products can also bind chlorides [75]. Cl in its inorganic form is non-toxic, but it destabilizes the passive film of steel rebar in reinforced concrete, resulting in rebar corrosion [61].



Many other types of cement also yield ettringite or other hydration products that immobilize toxic elements. However, alternative cement (e.g., magnesium phosphate cement [76,77,78] and calcium aluminate cement [79,80,81]) is expensive and has pitfalls in practical applications (e.g., service temperature, setting time, and flowability). Non-PC-based alternative cement is merely a niche product with a market size incomparable to the volume of MSWI ash and PC.



As mentioned earlier, the environmental impacts (e.g., CO2 emission and air pollutants) of concrete are significant due to its massive production [82]. The production of cement and concrete also causes environmental justice issues [26]. The replacement of concrete raw materials, e.g., cement and aggregates, with MSWI ash can be a potential pathway to mitigate the environmental justice issues in both fields. The efficiency of this incorporation depends on the characteristics of MSWI ash and the properties of cement and concrete.




2.3. MSWI Ash Incorporation in Concrete?


Although PC and MSWI ash share similar chemical compositions (Figure 2), high content of Ca, Si, Al, and Fe [83,84], a limited volume of raw MSWI ash can be used as cement substitutes [85] or the raw materials in cement/concrete production [86]. The incorporation of the coarse fraction of raw MSWI BA in concrete as aggregates is limited by the presence of metallic aluminum, which reacts with the basic environment of concrete, generating hydrogen gas [87]. H2 gas induces the expansion and cracking of hardened cement pastes or low-density and low-strength products [88]. The incorporation of fine raw FA in concrete is limited by its high content of chlorides, sulfate, organic matters, and HMs, e.g., Zn, Cu, Cr, Hg, and Pb. Soluble chlorides in reinforced concrete cause steel-rebar corrosion and concrete cracking [89]. Excessive sulfates delay cement setting and concrete hardening [90,91]. The highly porous microstructure of FA causes higher water demands of ash-incorporated cement pastes, thus lowering concrete strength. Consequently, pretreatment is required to produce MSWI ash-incorporated cement-based materials with standard performance.



The leaching of HMs and organic matters from MSWI ash, particularly FA, is hazardous, thus, a contributor to environmental justice. The misuse of MSWI ash in concrete or mishandling near waste-to-energy plants may lead to secondary environmental justice issues. Thus, leaching tests must be conducted to evaluate the ecotoxicity of MSWI ash. The concentrations of toxic elements and compounds of leachates after cement/concrete immobilization must comply with regulatory limits.





3. Leaching from MSWI Ash


The leaching behaviors of MSWI ash are complex and controlled by many factors, e.g., pH, liquid-to-solid ratios, and ash characteristics [92]. The leaching rate of many HMs is sensitive to pH. Leachates of raw MSWI ash are typically basic due to the high CaO, Na2O, and K2O content of raw ash. The solubility of most HM species (e.g., Cu, Zn, Cd, and Pb) decreases with increasing solution pH [53], and Al solubility reaches the maximum under both acidic and basic conditions. The maximum leaching capacity of As, Se, and Ba plateaus at pH > 11 [93]. However, a study reported that Zn leaching is less pH-dependent [42]. The solubility of Na, K, Cl, and S is less pH-dependent [53], and their leaching behavior is less critical because (1) these elements are not toxic, and (2) they can be adsorbed by cementitious materials (which will be discussed later). The influence of pH on MSWI ash leaching is not critical in concrete studies because the pH of PC-based matrix is typically ~13 [60]. Even after years of aging (i.e., carbonation by atmospheric CO2), the pore solution of cement-based materials is still basic [94]. The leaching limits of selected HMs for landfilling solid waste are listed in Table 4.



The characteristics of the ash (i.e., grain size, surface area, and composition) all affect the leaching behaviors. Generally, a finer grain size, higher surface area, and higher element content of the ash, and a higher liquid to ash ratio result in faster leaching [95], which agrees with the principles of mineral and glass dissolution [96,97,98]. However, the concentration of Cu, Ba, and Mn is controlled by the ion leaching capacity and the competition among ions [42]. HMs concentrations of leachates from MSWI BA are lower than MSWI FA due to the lower HMs content and the denser structure of BA. The leaching behaviors of MSWI ash are complex when ash is incorporated into cementitious materials. The influence of liquid-to-solid ratios on leaching is less important because the typical water-to-binder ratio of cementitious materials is 0.2–0.6 [61].



Another important source of toxicity from MSWI ash is organic matters, including unburnt organics from MSW or byproducts after incineration. These organic matters take up to 5 wt.% of total MSWI ash. The organic leachates consist of dissolved organic matters (DOMs) and xenobiotic organic compounds. Many leached DOMs, such as humic acid, fulvic acid, and volatile fatty acids [99,100] are not considered highly toxic. The presence of one of the DOMs may significantly affect the bulk leachate compositions due to the complex organic reactions among the DOMs [101]. Xenobiotic organic compounds, such as dioxin and furan [102,103], are known for high toxicity. The leaching of organic matters from MSWI ash induces the leaching of the inorganics in the ash [104].



Organic matters, HMs, and many other elements (e.g., As and Sb) are toxic sources from MSWI ash and contributors to environmental injustice. Lowering the concentrations by incorporating MSWI ash into cement/concrete is essential to alleviating the construction- and waste management-induced environmental injustice. Pretreatment of MSWI ash can lower the hazard level of MSWI ash and facilitate its incorporation into cementitious materials. Thus, the pretreatment of MSWI ash is one of the preconditions of MSWI ash-concrete-related environmental justice.




4. Pretreatment of MSWI


4.1. Industrial Scale Pretreatment


Many pretreatment methods have been applied to lower the content of chlorides, HMs, and/or organic matters of MSWI ash. The industrial pretreatment methods include water-washing, aging, magnetic separation, mechanical separations, and eddy current separation [105]. The separation methods reclaim ferrous and non-ferrous metals (including precious metals, aluminum, and HMs). These industrial-scale separation technologies are mature and very commonly used. Thus, this paper does not cover these separation technologies.



4.1.1. Water-Washing


Water-washing is the most common industrial method to remove soluble salts (e.g., NaCl, KCl, or CaCl2) from MSWI ash, particularly FA. This pretreatment is cost-efficient to remove chlorides, which trigger the corrosion of steel rebar and concrete mixers. However, water-washing typically can only lower the chloride content down to ~0.5 wt.% due to the presence of low-solubility chlorides [106]. Calcium oxychloride (CaOCl) is challenging to remove by only one time of washing. Mao et al. found that the influence of water-to-solid ratios on chloride removal was less pronounced when the ratio was over three, and the replication of washing at this ratio was more efficient and water-saving than at a ratio of 20 [107]. CaOCl can be partially removed with this additional water-washing. Further chloride removal by over 99% required saturated lime water to unbalance the chemical equilibrium. This washing condition removed ~30 wt.% of the total soluble solid of MSWI FA [108]. Because water-washing is essentially a leaching process at high water-to-solid ratios, it yields leachates with HMs, reducing the HMs content of washed MSWI ash [109]. The drying of such leachate generates filtration cakes, a mixture of HMs, salts, and other phases. The utilization of hazardous filtration cakes is challenging and has rarely been explored. The filtration cakes must be handled and stored cautiously. Otherwise, their leakage-induced soil or groundwater contamination could be a secondary source of environmental injustice. Further studies on the utilization and storage of filtration cakes from MSWI ash pretreatment are needed.




4.1.2. Aging


Aging is a series of processes of oxidation, hydration, and carbonation, which efficiently lower the leaching of HMs. The aging products, mainly inorganic phases from hydration and carbonation, e.g., ettringite, C-S-H, and calcium carbonates (CaCO3), can bind HMs, reducing potential leaching [110]. Aging causes the consumption of metallic Al pieces in an alkaline environment, forming colloidal aluminum hydroxide, which immobilizes HMs [111].





4.2. Lab- or Pilot-Scale Pretreatment


4.2.1. Thermal Pretreatments


Thermal pretreatment is a series of simple methods to reduce HMs, toxic organic matters (e.g., dioxin and furan), and chlorides of MSWI FA and densifies the porous structure. Thermal pretreatments of MSWI ash include three processes, sintering, melting, and vitrification.



Sintering, typically at 600–1200 °C (below melting points of the major ash components), coalesces and densifies porous FA grains [112]. The high-temperature condition decomposes most organic matters (e.g., humic acid, fulvic acid, volatile fatty acids, dioxin, and furan). After sintering, the product is denser with lower porosity compared to raw ash. The decreased porosity limits the leaching HMs, and any remained organic matters. Chlorine and HMs, such as Pb and Hg, vaporize during sintering. Cl facilitates the vaporization of HMs, e.g., in the form of PbCl2, CuCl3, or ZnCl2 [112], under high-temperature conditions. Higher sintering temperature favors the removal of chloride [113]. Thus, the Cl and HMs content of sintered ash is significantly declined. Note that incomplete vaporization of Cr during the heat treatment may lead to the oxidation of Cr(III) to Cr(VI) [114]. Compared to Cr(III), Cr(VI) is more soluble, thus, more leachable. Sintering of MSWI FA is essentially a process of recrystallization, solid-state reactions, and phase transition. Thus, the sintered product has lower amorphous content compared to raw ash. Sintered products are suitable as aggregates due to their high density and low reactivity [115].



Melting MSWI FA residues at up to 1400 °C, followed by water-quenching, produces a slag, which is nearly fully amorphous [116]. Similar to sintering, chlorine, sulfur, and HMs vaporize during the melting process, and organics matters decompose [117]. The final product has higher CaO, Al2O3, and SiO2 content. The volatility of HMs of BA follows the order: Cu > W > Pb > Zn > Sr > Mo > Cr > Ni, while other elements (e.g., Cs and Ba) showed limited volatility at 1100 °C [118]. A higher treatment temperature or longer melting time favors the formation of homogenous slag. The leachability (e.g., Cd, Cr, Pb, and Zn) of the slag is significantly lower compared to raw ash due to the minimized porosity and reduced Cl and HMs (e.g., Pb and Cd) content of melted products [119]. The MSWI ash slag with high amorphous content can be upcycled as a cement substitute or a precursor of alkali-activated materials [120].



Vitrification is a process to melt the MSWI FA residue with the addition of other solid wastes or additives (also known as flux agents). The addition of basic oxides (e.g., Na2O, K2O, MgO, and CaO) or solid wastes with high content of basic oxides lowers the melting point of the ash residue [121,122], thus reducing the energy consumption of thermal pretreatment. Although flux agents lower the cost of fuel consumption, the trade-off of melting temperature and cost of flux agents must be considered (e.g., B2O3 is relatively expensive). Flux agents can limit the vaporization of certain HMs, e.g., Pb, Cd, and Zn, with the addition of B2O3 [123]. Similar to melting, vitrification lowers the leachability of certain HMs of MSWI FA, increases the product density, and vitrifies the ash residue [124]. The vitrificated product is also potentially a cement substitute or a precursor of alkali-activated materials (will be discussed later).



Although vaporization of HMs potentially lowers the HMs content of processed ash, the vapor from thermal treatment must be appropriately managed. MSWI FA should be water-washed to remove Cl before thermal treatment if vapors are not treated. The mismanagement of toxic vapors would be an enabler of environmental injustice. The treatment of HMs vapor benefits precious metal recovery, thus potentially lowering the pretreatment cost.




4.2.2. Hydrothermal Pretreatment


Hydrothermal pretreatment is a cost-efficient method to decompose organic matters, immobilize HMs, and solidify ash residues. The processing temperature typically ranges from 150 °C to 300 °C. Thus, the energy consumption of hydrothermal pretreatment is relatively low. The decomposition of organic matters in MSWI ash is temperature-sensitive. For example, dioxin and furan in MSWI FA completely decomposed after 20 min of hydrothermal pretreatment at 300 °C due to dechlorination reaction [125]. During the hydrothermal reaction, aluminosilicate minerals, e.g., zeolite and tobermorite, formed at the expense of Al and Si from ash under alkaline conditions [126]. These minerals have large surface areas and reactive atomic configuration to immobilize HMs [127]. The efficiency of HMs immobilization is relevant to reaction age and the addition of additives (e.g., slaked lime). For example, Zn concentration of leachate declined by two orders of magnitude after 6 h of hydrothermal pretreatment due to the formation of C-S-H, while Cr concentration decreased by only 40% after 72 h of curing at 200 °C [128]. A further 40% reduction in Cr concentration was observed with the addition of 10 wt.% slaked lime, while the slaked lime addition did not promote the immobilization of Zn and Pb. A recent hydrothermal pretreatment study suggested that Na2HPO4 additive promoted the solidification of HMs of ash compared to NaOH additive [129]. However, phosphates may be expensive for large-scale applications, especially in concrete-related production. The autoclaved lime-MSWI BA pastes in [128] with flexural strengths over 25 MPa, and immobilized HMs can be directly used as construction materials.




4.2.3. Wet Grinding


MSWI BA with particle sizes of 0.1–10 mm is oversized as a cement substitute (average diameter < 50 μm), thus griding is required for breaking down BA particles. Under wet-grinding conditions, inherent Ca and alkali provide a basic environment for the dissolution of metallic Al in MSWI ash [130]. The reaction products, e.g., C-S-H and colloidal aluminum hydroxide, along with the alkaline solution, immobilize HMs, e.g., Cr, Pb, and Zn, of MSWI FA [131,132].




4.2.4. Accelerated Carbonation


Natural carbonation of MSWI ash by atmospheric CO2 is slow. MSWI ash carbonation can be accelerated by concentrated CO2 from different sources. This process is similar to the aforementioned natural weathering but much faster. A recent study showed that Pb concentration from MSWI FA leachates decreased by 92% with oxy-fuel combustion flue gas, 95% with pure CO2, and 84% with air combustion flue gas. After carbonation by oxy-fuel combustion, flue gas, Zn, Cu, and Cr concentration decreased by 69%, 25%, and 11%, respectively [133]. Cornelis et al. found that Sb leachability from BA depends on pH (i.e., ash compositions and carbonation degree) [134]. Carbonation-induced pH drop triggered Sb leaching, and Sb concentration after full carbonation exceeded the regulatory limit. The influences of accelerated carbonation on leachability depend on the nature of raw MSWI FA. Sulfate, chloride, and Pb leachability of four different sources of MSWI FA decreased after accelerated carbonation [135]. In contrast, the influences of carbonation on Cd and Zn leachability are scattered among different sources of FA.



Concentrated CO2 is precious and in a shortage in the concrete industry. Concentrated CO2 is the key raw material of many types of alternative cement (e.g., carbonated MgO cement [136,137,138], CaCO3-based cement [139,140], carbonated wollastonite [141], and carbonated magnesium silicate [142]). The hardening and strength development of the carbonation-based cement systems rely on the uptake of concentrated CO2. The competition in concentrated CO2 demands between MSWI ash carbonation and other cement deserves further attention in resources management. The carbonation of MSWI ash may take advantage of CO2-rich flue gas from waste-to-energy plants.






5. Use of MSWI Ash in Concrete


5.1. Use in OPC Production


The high content of Al, Si, Ca, and Fe in MSWI ash makes it a potential raw material for producing OPC clinker (the major component of OPC without gypsum). The co-combustion of MSWI ash and typical OPC raw materials (i.e., mainly limestone and clay) is a cost-effective decarbonization strategy in the circular economy. Blending Ca-rich MSWI ash into the PC feedstock lowers the fraction of limestone, the decomposition of which emits CO2 [142,143]. The co-combustion at 1450 °C also decomposes unburnt organic matters and saves the energy for pretreatment. The direct use of raw MSWI ash in the PC feedstock is widely limited by the presence of chlorides and alkalis in raw MSWI ash. The presence of Cl-rich raw MSWI ash, particularly FA, in cement kilns can cause blockages and corrosion of kilns [144]. Cl content in PC is also restricted by standards (e.g., ACI and ASTM) for the risk of rebar corrosion [145]. Excessive alkalis would cause a porous microstructure of cement matrix, slump loss, and poor strength gain due to the presence of orthorhombic tricalcium aluminate in PC [61,91]. Excessive alkalis in OPC may also lead to a detrimental alkali-silica reaction, which causes cracking around reactive siliceous aggregates [146]. Only 0.3% of raw MSWI FA can be utilized due to its nonideal chemical compositions [31]. Despite the low utilization ratio of raw MSWI FA, the total potential of raw MSWI ash utilization in clinker manufacturing is still remarkable considering the massive production of OPC clinker (~3 Gt/year) [23]. HMs concentration is not considered an issue in ash-clinker co-combustion because the HMs content has been significantly diluted. Higher fractions of raw MSWI BA may be added into PC feedstock due to its lower content of chlorides and alkalis compared to raw MSWI FA.



MSWI ash must be pre-treated to remove chlorine and alkalis for boosting the fraction of MSWI ash in PC raw materials. Water-washing can efficiently lower the chlorine and alkalis content and promote the co-combustion of MSWI ash with other PC raw materials. Thermal pretreatment of MSWI ash is also efficient in removing chlorine and alkalis, but the method is energy-intensive and redundant in terms of the thermal decomposition of organics. After water-washing, Pan et al. synthesized OPC with 1.75% MSWI FA or 3.5% BA in the raw materials [49]. The products conformed to standards except for a slightly longer setting time, possibly due to extended sintering of the clinker.




5.2. Use in Special Cement Manufacture


The use of raw MSWI ash in the feedstock in the industrial-scale production of other types of cement (e.g., calcium sulfoaluminate cement-based) may also be impractical due to the Cl-induced kiln and rebar corrosion. Unfortunately, existing lab-scale studies have ignored the detrimental effects of Cl [35]. Calcium sulfoaluminate cement clinker can not bind Cl in kilns because the clinker phases accommodate little Cl. Alternatively, an exhaust gas bypass can be installed to vent the alkali- and chloride-laden vapor to avoid the issue during kilning operation [147]. Note that the payback of any upgrade to a cement plant costs at least 1–3 years [148]. After water-washing, Cl-removed MSWI FA can be successfully used as a raw material of calcium sulfoaluminate cement [149]. Mao et al. synthesized calcium sulfoaluminate cement from raw materials with 35% of washed MSWI FA [107]. The leaching concentrations of HMs from the cement-based products met regulatory limits.



Chloroellestadite (Ca5(SiO4)1.5(SO4)1.5Cl)-rich clinker (e.g., eco-cement in [150] and alinite cement [151]) can bind Cl from raw MSWI ash. Guo et al. synthesized alinite cement from raw materials with 30 wt.% of MSWI fly ash [152]. This MSWI FA utilization ratio is much higher than that for OPC production, ~0.3%. The HMs (e.g., Pb and Hg) concentration of leachate of hydrated chloroellestadite-rich cement is lower than regulatory limits [151,153]. Moreover, the sintering temperature of chloroellestadite-rich clinker is only ~1100 °C. Thus, the production of chloroellestadite-rich cement is considered as an efficient solution to recycling MSWI ash.



The mechanical properties of alternative cement-based products are comparable to those of PC-based. Nevertheless, alternative cement may be only used in a niche market (e.g., in specific scenarios with nonmetallic kiln and for non-reinforced concrete production).




5.3. Use as Cement Substitutes (Supplementary Cementitious Materials)


SCMs are (alumino)siliceous or calcium aluminosiliceous materials and calcium carbonate used as partial substitutes for OPC or clinker [154]. The reaction mechanisms of SCMs in hydrated cement are as follows: (1) pozzolanic reaction: calcium hydroxide in hydrated PC reacts with amorphous (alumino)silica (e.g., low-Ca coal fly ash), forming calcium (alumino)silicate hydrate (C-(A-)S-H), also a binding phase [155]; (2) cementitious reaction: amorphous calcium aluminosilicate (e.g., GGBFS and high-Ca coal fly ash) reacts with water, also forming C-A-S-H; (3) dilute and filler effects: for example, limestone powder (mainly CaCO3) provides Ca as a template for C-S-H nucleation and growth and accelerates PC hydration [156]. Note that not all amorphous silicates are potential SCMs. For example, amorphous calcium iron silicate in copper slag is hardly reactive in PC systems due to its high iron content [157]. SCMs are either pre-blended with OPC clinker during the production of blended PC or added into concrete mixers with OPC during the production of concrete.



It is worth mentioning that the supply of industrial byproduct SCMs (mainly coal fly ash) is declining due to the current trend in the retirement of coal-fired power plants [158]. With the growing cement demand (6 Gt/year by 2050 [22]), the shortage of industrial byproduct SCM would exacerbate. After appropriate treatments, MSWI ash, as a pozzolanic material, can potentially lessen the global shortage of SCMs. MSWI ash must be appropriately managed as SCMs in academic studies and practical applications. For example, MSWI ash must not be used to replace low-grade PC (e.g., 32.5-grade in [159]), which has pre-blended with a large fraction of SCMs. The partial replacement of such low-grade PC with additional SCMs would cause low cement hydraulic reactivity and competition between pozzolanic SCMs. The mechanical properties of such ill-designed cement-based products are poor. Thus, such MSWI ash incorporated cement-based materials are more considered as products of the stabilization/solidification (S/S) process. These low-value products are more suitable as landfills with low toxic leachability or construction materials in niche markets [160]. The low/zero-value cement-based S/S landfill may not essentially benefit environmental justice, particularly when the S/S process significantly increases the total landfill volume.



Many factors limit the use of raw MSWI ash as SCMs. The moisture in stocked ash increases the water-to-binder ratio in blended-PC systems, thus lowering the mechanical properties of final products. The high S content of raw MSWI ash retards cement hydration, particularly the dissolution of tricalcium aluminate [90,161], thus delaying cement setting, while Cl in ash accelerates cement hydration [162]. Thus, the influences of unwashed ash on cement settings are complex; prolonged [47] and shortened setting time [163] of raw ash-containing pastes have been reported. In addition, soluble Cl triggers steel-rebar corrosion. The metallic Al and Zn in raw ash pose the expansion and cracking of low-strength ash-containing pastes [37]. The low amorphous content and large grain size of BA may limit its reactivity in PC systems. Thus, raw ash contributes little to strength development. Even with the addition of alkaline activators (e.g., CaSO4 and Na2SO4), the compressive strength of hybrid cement with 40% MSWI mix ash is still ~40% lower than OPC [164]. The low strength of blended cement incorporated with raw MSWI ash limits its wide use as standard-performance construction materials despite its HMs immobilization advantage. These low-strength blended cement-based materials from the S/S process are niche products [160]. Thus, pretreatment of MSWI ash is suggested for its appropriate utilization as SCMs.



The possible use of treated MSWI BA as SCMs depends on many factors, e.g., amorphous content, particle size, and compositions of PC and treated BA. Raw BA particle sizes are oversized; thus, milling and sieving are common processes. Juric et al. partially replaced OPC with milled BA, and the compressive strengths at 3–28 days were comparable to the 42.5R OPC group when the cement substitution was <20 wt.%. A 10% compressive strength reduction was observed at a substitution level of 30% at 28d. The leachability of the BA incorporated group met regulatory limits [165]. Similarly, Zhang and Zhao replaced 30 wt.% 42.5R OPC with wet-milled BA, while the blended group only exhibited similar or lower strengths compared to the pure OPC counterpart from 1 to 90 days [166]. Bertolini et al. compared the influences of wet- and dry-millings of BA on the mechanical properties of concrete [130]. Concrete containing cement substituted with 30 wt.% wet-milled BA exhibited similar or higher compressive strengths compared to 52.5R OPC concrete from 1 day to 180 days, while concrete containing 30 wt.% dry-milled BA substitution exhibited 55% lower strengths. The strength difference may be explained by the finer grains of wet-milled BA compared to dry-milled BA and the consumption of metallic Al and Zn. Unfortunately, the lack of comprehensive characterization of treated BA limits the further understanding of pretreatment influences on the compositions and reactivity of BA. Joseph et al. established a pretreatment method that consumed metallic Al by the inherent alkalis in BA, and fine fractions of treated BA were used as the substitutes for 52.5N OPC [37]. The 28d compressive strength of mortar with 52.5N OPC substituted by 25 wt.% treated BA was higher than 32.5N coal fly ash-containing PC mortar and was over 75% of the strength of pure 52.5N OPC mortar. The 90d strength of BA-containing mortar was only 5% lower than 52.5N OPC mortar. The study suggested that treated fine BA had higher pozzolanic reactivity than coal fly ash and was potentially an effective SCM. The treated BA delayed cement setting by 90 min, but this extension was acceptable for practical applications. In summary, the mechanical performance of BA-containing cement-based materials depends on the reactivity of both PC and treated BA.



MSWI FA with particle sizes of 1–300 μm may be used as SCMs after washing-off toxic components and sieving. The reactivity of washed FA also depends on the compositions of raw ash. Washing may reduce the pozzolanic activity of FA despite the removal of chlorides, sulfates, and HMs [167]. On the contrary, Keppert et al. found that water-washed MSWI FA exhibited higher reactivity in 42.5R OPC concrete compared to unwashed counterpart [168]. Mortar containing FA water-washed at a water-to-solid ratio of 10 exhibited higher 28d compressive strengths than those containing unwashed FA or FA washed at a water-to-solid ratio of 5 at the same cement replacement level. Among different washing conditions (water-to-solid ratio and solutions (water, (NH4)3PO4, and HCl)), only mortar containing 10% FA water-washed at a water-to-solid ratio of 10 exhibited a 5% higher 28d compressive strength compared to an OPC reference. The incorporation of unwashed or other washed FA in mortars diminished compressive strengths [168]. Higher cement replacement levels, e.g., 30 wt.%, also resulted in lower strengths, which agreed with Bertolini et al. [130]. The environmental impacts (e.g., long-term leachability of toxic components) of washed FA-containing concrete deserve further attention in assessments.



Ground slag from melting MSWI FA has been successfully blended in PC as SCMs due to its high amorphous content (>95 wt.%) of calcium aluminosilicate. Lin found that 20 wt.% of Type I, II, and belite OPC can be replaced with MSWI FA slag without compromising strengths at late ages (after 28 days) [120] due to the pozzolanic reaction [117,119]. Higher replacement levels delayed the setting of blended cement by ~30 min [120]. The PC substitution lowered the early strengths by ~10%, e.g., at 1–28 days [120,169]. The influences of MSWI FA slag on cement setting also depends on MSWI sources—another batch of slag from the same group prolonged cement setting by over 1 h [170]. The early strength of MSWI FA slag blended cement mortar can be improved by modifying slag reactivity. The 28d strength of mortar containing 20% slag was comparable to the OPC group by adjusting the basicity with the addition of CaCO3 in the melting process [169]. The HMs (e.g., Zn Cr, Cu, and Pb) concentration of leachates from the modified slag was significantly lower than the unmodified slag. Similarly, the reactivity of MSWI FA slag can be improved by co-melting with MSWI scrubber ash [171,172] or chemical mechanical polishing sludge [173]. The 28d strengths of hydrated systems blended with modified slag were comparable or higher than those of OPC. The HMs leachability of modified slag further declined, and the early strengths of blended cement-based products improved. The remained HMs (e.g., Pb and Zn) were immobilized in hydrated PC matrix, e.g., ettringite and C-S-H [174,175].




5.4. Use as Precursors in Alkali-Activated Materials


C-A-S-H, which immobilizes organic compounds and HMs, is also a key binding phase of alkali-activated materials (AAMs), e.g., alkali-activated calcium aluminosilicate [176,177]. Sodium hydroxide and sodium silicate are the most common activators to activate precursors—amorphous (calcium) aluminosilicate phases [178,179]. When precursors are calcium-poor, the key binding phase is sodium aluminosilicate hydrate (N-A-S-H), a nanosized gel, which also adsorbs toxic elements [180,181]. Zeolite, a secondary product in AAMs, also adsorbs organic matters [182] and toxic elements [183]. Sodium sulfate and sodium carbonate are also potential activators of AAMs [184]. However, their use results in slower activation and lower strengths of AAMs [185]. MSWI ash is potentially a partial or sole precursor of AAMs due to its presence of amorphous (calcium) aluminosilicate [186,187].



Similar to binders mentioned earlier, as building materials, AAM systems accommodate little untreated MSWI ash due to the large particle size and the presence of chloride, HMs, and metallic Al. Unwashed Cl-rich MSWI BA was the sole precursor for synthesizing an AAM in [188]. The binding phase in this system was a mixture of C-A-S-H and N-A-S-H. The lack of mechanical properties and Cl leachability results makes utilizing unwashed MSWI ash in the production of reinforced concrete questionable. The presence of metallic Al in MSWI BA limits its incorporation in normal-weight concrete because the metallic Al-induced H2 gas reduces the density of AAMs (below 1000 kg/m3 [189]). Wongsa et al. also used MSWI BA as the sole precursor to synthesize AAMs. The mortar exhibited 7d and 28d compressive strengths of 9.2 MPa and 10.6 MPa, respectively [190]. Thus, MSWI BA can be used to produce lightweight low-strength concrete as a precursor or aerating agent [191]. Wongsa et al. also used untreated BA as a coal fly ash substitute to synthesize AAM mortars. The maximum 7d and 28d compressive strengths were all observed at the 20 wt.% precursor substitution [190].



The density of pure MSWI ash-based pastes can be improved to over 1800 kg/m3 with uniaxial pre-pressing at a few MPa (e.g., 5 MPa [192]). Pressing removes excessive water and H2 induced pores in the binder matrix. Qiao et al. reported the pressing-induced densification of alkali-activated MSWI BA [193]. The compressive strengths reached ~15 MPa using thermally-treated (800 °C) MSWI BA due to the decomposition of CaCO3 in raw ash. Huang et al. compared the influences of different BA pretreatment methods on the synthesis of AAMs [194]. Alkali-soaking removed metallic Al in BA, and 700 °C was the optimal temperature for removing organic matters and improving BA reactivity. The 28d compressive strength of the pure MSWI ash-based mortar reached 14 MPa without pre-pressing. The 28d compressive strength increased to 53 MPa when 40% MSWI BA was replaced by GGBFS. Follow-up studies found that the compressive strengths of hybrid AAMs were sensitive to alkali content [195], liquid/solid-state sodium silicate [196], SiO2/Na2O ratio [196], and curing conditions [186]. The variation of 28d compressive strengths caused by these factors was over 35 MPa.



Ren et al. synthesized AAM pastes with unwashed MSWI FA as the sole precursor without pre-pressing [197]. The optimal 7d compressive strength of pastes cured at 20 °C was merely 5 MPa. Zheng et al. also activated pure unwashed MSWI FA at room temperature but pre-pressed the pastes [198]. The pre-pressed samples exhibited 7d compressive strength of 20 MPa by optimizing Na/Si/Ai ratios. While HMs (e.g., Zn, Cu, Pb, and Cr) in unwashed FA were immobilized, the systems were still Cl-rich. The low strength of the products may be explained by the low amorphous content and low reactivity of untreated MSWI FA and the presence of other detrimental impurities. Metallic Al may also remain in untreated MSWI FA; thus, incorporating untreated MSWI ash in AAMs synthesis may cause the expansion and cracking of binding systems [88]. Similar to coal fly ash, MSWI FA typically exhibits lower reactivity than GGBFS. Thus, the precursor replacement of GGBFS by MSWI FA leads to lower compressive strength and degree of reaction. Liu et al. showed a negative correlation between 3d compressive strength and unwashed MSWI FA content of alkali-activated GGBFS pastes cured at 75 °C [48]. In other words, MSWI-FA-AAM exhibited higher strengths when MSWI FA was partially replaced with GGBFS due to lower water-to-effective binder ratios. Leaching results indicated that the GGBFS-MSWI FA hybrid AAMs could be used as nonreinforced building materials. Likewise, the partial replacement of MSWI FA with metakaolin (pure calcined clay, mainly amorphous aluminosilica) and silica fume also resulted in higher strengths. With 10 wt.% MSWI FA replaced by metakaolin or silica fume, the 7d compressive strengths of AAM pastes increased by 50% and 160%, respectively [197,199]. Untreated MSWI FA also exhibited lower reactivity than coal fly ash in AAMs. 7d compressive strength of 100 °C cured AAM concrete decreased from 58 MPa to 10 MPa when the MSWI FA-to-precursor ratio increased from 0 to 100% [200]. The leachability of Cr, As, Ba, and Hg of the AAMs was within regulatory limits except for Se.



Appropriate pretreatment, e.g., washing, also improves the performance of MSWI FA-AAM. After reducing Cl content from 19.6% to 1.6% by water-washing, the 7d and 28d compressive strengths of room temperature cured MSWI FA-AAM pastes increased by 15 and 45%, respectively [59]. The AAM with washed FA exhibited a finer pore size distribution and lower Cu, Cr, and Zn leachability. Vitrificated MSWI FA, a homogenous slag with high amorphous content of calcium aluminosilicate, is potentially a high-quality precursor for producing AAMs. Further studies of this novel sustainable AAM are worthy.



It is worth iterating the global shortage of industrial byproduct SCMs, and the competition between blended PC and AAMs for SCMs demands. Coal fly ash and GGBFS are not truly sustainable for AAM production in regions/countries (e.g., California and Iceland) with a shortage of such industrial byproducts. Local areas (e.g., Wyoming and Australia) with excessive GGBFS or coal fly ash co-production may be suitable for accommodating MSWI ash in hybrid AAMs.




5.5. Use as Aggregates


The particle size distribution of BA falls in the range of concrete aggregates. However, raw MSWI BA is rarely used as normal aggregates due to the H2 gas-induced cracking [201] and an expansive gel from the alkali-silica reaction between glass residues in raw ash and alkaline pore solution [165]. Damage of cement matrix due to the presence of glass is less severe than that caused by the presence of metallic Al [202]. The leaching from raw ash also limits its direct use as aggregates. Pretreatment is required for the use of MSWI ash as aggregates.



Treated BA may not fully replace natural aggregates in mortar or concrete. A negative linear correlation between concrete compressive strength and gravel replacement level with water-washed BA was reported [203]. A full gravel replacement caused a 50% reduction in 28d compressive strength, which may be explained by the remaining metallic Zn and Al of washed ash. Similarly, carbonation-treated BA was used to replace 25% fine aggregates in mortars [36]. The 28d compressive strength of the replaced group was merely half of the reference group, also due to the presence of metallic Zn and Al. The toxic concentrations of leachates from treated-BA-containing mortars were below the regulatory limits with the exception of Pb and Cu. After immersion into sodium hydroxide solution, metallic Al and Zn in BA were fully consumed. Concrete with 50% substitution of the well-treated BA aggregates still exhibited 10% lower 28d compressive strength compared to the reference group [201]. The strength development of the BA-incorporated group after 28 days was even slower. The strength gap between concrete containing natural and BA-artificial aggregates may be relevant to aggregate shape and particle size distribution [204]. Further studies on dismantling the major barrier (e.g., low strength) to the use of treated BA as normal aggregates are encouraged.



Mangialardi investigated the influence of washing on sintered MSWI FA in the aggregates manufacture [115]. Sintering unwashed FA was ineffective for manufacturing aggregates due to the high leachability and low compressive strength (~5 MPa). A process combining washing, pre-pressing at 28 MPa, and sintering at 1140 °C yielded FA-based products with low leachability and high compressive strength (17–29 MPa). This product was claimed as normal weight aggregates. Unfortunately, further investigation on the influences of artificial aggregates on concrete mechanical properties remains explored.



Since the leachability of FA is higher than that of BA, FA and BA may be collectively treated to dilute the potential toxicity of MSWI ash as aggregates. After washing and crushing, Tian et al. separated combined ash into three fractions (particle sizes of 9.5–25 mm, 2–9.5 mm, and <2 mm) to replace coarse gravel, medium gravel, and mortar sand [21]. The combined ash fine and medium aggregates at all substitution levels (10%, 50%, and 100%) caused lower strength and higher porosity. 30% coarse gravel could be replaced by 9.5–25 mm combined ash without strength reduction. All HMs concentrations of product leachates complied with regulatory limits except Cr. Because the coarse combined ash contains glass pieces, further investigation on alkali-silica reaction is suggested for evaluating the long-term performance of combined ash-incorporated concrete.





6. Perspectives


Social-environmental conflicts remain on the incineration of MSW as waste-derived fuels in cement kilns in terms of economic benefits, environmental concerns, health issues, and environmental justice issues [205,206]. The core of this anti-incineration of MSW in cement kilns are facilities in cement plants that were originally designed to produce cement clinker, not to minimize the air pollutants from MSW incineration [207]. MSW incineration in waste-to-energy plants is more suitable for sustainable waste management [208,209].



MSWI ash from waste-to-energy plants for cement and concrete production is a more suitable solution to environmental justice issues. The organic matter content in MSWI ash is noticeably reduced from unburnt MSW. The co-combustion of MSWI ash with limestone and clay in cement kilns would dilute the emissions of air pollutants in cement plant flue gas. Note that the fraction of raw ash in cement feedstock must be below the limit of alkalis and chloride. Further investigation on the species and concentration of emissions is needed and is essential to health impacts on communities neighboring cement plants. Cement manufacture contributes to over 85% of CO2 emissions and HM emissions in concrete production [210]. The partial cement replacement with well-treated MSWI ash lowers the environmental impacts of mortar and concrete production. The long-term performance and eco-performance (e.g., leachability) of MSWI ash-incorporated cement-based products deserve attention. The related studies would be critical to public health, particularly to neighborhoods that live in/by buildings and infrastructure made of MSWI ash-containing mortar and concrete.



The impacts of the utilization of MSWI ash on environmental justice may vary in different economic regions. The incineration of MSW in Europe is more common than that in the US [11]. Thus, the backlash to changing the roadmap of MSW landfilling versus MSWI ash utilization in Europe is lower than that in the US. For densely populated regions with shortages of landfilling capacities, e.g., New York City, New Jersey, and District of Columbia, the utilization of MSWI ash have a higher impact on environmental justice than less populated regions, such as Alaska and Wyoming. The regional difference in energy grids also affects the impacts of MSWI utilization ash on environmental justice, which can be more complicated. For regions with access to clean/renewable energy grid, the MSWI incineration-related emission (without appropriate treatments) may be an issue of environmental justice. For regions that use high carbon intensity electricity, the MSWI incineration may reduce the dependence on fossil fuels, thus lowering the environmental impacts of fossil fuels-related electricity generation.



Recycling treated MSWI ash as aggregates must be carefully evaluated as the products typically show inferior mechanical performance. Decision-makers must not ignore the competition between coarse MSWI ash and other solid wastes (e.g., construction and demolition waste [211]) as low-grade aggregates. It is worth comparing the performance of concrete incorporated with coarse MSWI ash and recycled aggregates. Coarse MSWI ash and cement-stabilized MSWI ash may be used for low-value applications, e.g., road base [42] or land reclamation [212]. The environmental impacts of these applications must be evaluated for seaside communities and relevant neighborhoods nearby to avoid secondary environmental justice issues. Thus, case studies regarding life-cycle assessments of MSWI ash utilization in POC, low-income, and other communities are essential and deserve deep investigation.



The fate of wastes generated from pretreatments of raw MSWI ash (e.g., toxic washing water, hazardous vapors, filtration cakes, and ground/sieved wastes) must not be ignored. The energy use and environmental impacts of the waste stream should be evaluated in life-cycle assessments. The allocation of the environmental burden into concrete production deserves further discussions, which are also critical to environmental justice. In addition, the allocation of energy use and environmental impacts of ash pretreatment also deserves further investigation. Superior ash pretreatment methods with low energy input and possible utilization of renewable electricity need to be developed to promote the upcycling of MSWI ash.



Some technical or economical driving forces in waste management and the concrete industry are needed to promote environmental justice indirectly or directly. Economic factors can be direct driving forces to the incineration of MSW and the utilization of MSWI ash. The higher cost of concrete production (e.g., higher cement prices) may favor the incorporation of MSWI ash into concrete. Taxing CO2 emissions of cement production and/or fossil fuels consumption and rising regulation fees of landfill disposals may facilitate the use of MSWI ash in the construction industry. More mature techniques are critical to stimulating the high-quality utilization of MSWI ash indirectly. Improved MSW sorting and optimized treatment of MSWI ash may ensure the higher quality of MSWI ash for its incorporation in concrete with less negative influences on performance. The outcomes (lower environmental impacts of concrete production, less MSW landfill, and/or less unused MSWI ash) would contribute to environmental justice.




7. Concluding Remarks


This paper has summarized recent important research findings related to municipal solid waste incineration ash that could be used to produce cement and concrete. Both waste management and concrete production contribute to environmental justice issues in terms of air pollutants, toxic emissions, and soil and water contamination. The incorporation of the ash in cement and concrete production can mitigate the environmental justice issues in the fields of waste management and construction. The wide use of raw ash to produce Portland cement and concrete is challenging and impractical. Bottom ash is typically nonhazardous but may contain chloride and metallic aluminum; both limit its use in the production of normal-weight standard-performance reinforced concrete. Municipal solid waste incineration fly ash is hazardous with a considerable fraction of toxic organic matters, heavy metals, alkalis, chloride, and sulfate. The incorporation of raw fly ash in cement disturbs cement setting, triggers rebar corrosion, and may contaminate cement-based products. The low density, high heterogeneity, and inappropriate size distribution of raw ash limit its incorporation in Portland cement and concrete. Raw ash may only be used as a raw material for producing alternative cement, which has a niche market.



Pretreatment of raw ash is commonly required before its incorporation in Portland cement and concrete for broad applications. Many pretreatment methods have been studied to improve the reactivity, remove toxic and detrimental impurities, improve the ash density, and optimize final size distribution. Washing is the most efficient and common method to remove toxic components, alkalis, chlorides, and metallic aluminum from raw ash at scale. Vitrification is the most efficient method to improve the reactivity and homogeneity of fly ash at the pilot scale. The improved homogeneity of fly ash slag may be suitable for high-volume production of cement/concrete, possibly at the industrial scale. The leachability of toxic components of treated ash typically complies with regulatory limits with few exceptions.



Portland cement and concrete incorporated with well-treated ash meet most of the regulatory limits for building materials or inert products. However, the mechanical properties of these products are usually inferior to products without ash incorporation, especially when ash is used as aggregates or substitutes for low-grade Portland cement. The use of treated ash as precursors of alkali-activated materials commonly undermines the mechanical properties and increases porosity. Treated ash is more suitable as an aerating agent in the synthesis of low-strength aerated alkali-activated materials. The utilization of treated ash must be appropriately designed for commercializing standard-performance products which are practical and profitable.



The enormous generation of municipal solid waste and incinerated ash ensures a robust supply chain for producing ash-containing construction materials. However, the large variability of raw ash, treated ash, and ash-incorporated products limit its large-scale deployment of ash incorporation products. For large-scale deployment, it is essential to ensure low variability in technical specifications. This is particularly critical to building and infrastructure materials due to their massive demand that economically viable development must fulfill. Some driving forces (technical or economic) in waste management and the concrete industry may lead to significant outcomes in environmental justice.
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Figure 1. Schematic diagrams of concrete at different scales (derived from [61,64,65,66]). C-S-H is mesoporous with high surface areas. Hydrated Ca of C-S-H can be substituted by HMs, and the layered nanostructure adsorbs many organics and ions. 
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Figure 2. Approximate compositions of Portland cement, MSWI ash, and common industrial byproducts as cement substitutes (coal fly ash, silica fume, and ground granulated blast-furnace slag (GGBFS)). Coal fly ash, silica fume, and GGBFS are byproducts from coal-fired power plants, silicon/ferrosilicon manufacture, and crude iron production, respectively. 
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Table 1. Chemical compositions of MSWI bottom ash and fly ash from different sources (wt.%).
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	CaO
	SiO2
	MgO
	Al2O3
	Fe2O3
	P2O5
	Na2O
	K2O
	Cl
	Ref.





	Fly ash
	16.4
	27.2
	2.5
	11.7
	1.8
	0.3
	5.9
	5.8
	7.2
	[47]



	Fly ash
	47.4
	2.2
	1.6
	1.0
	0.8
	0.7
	4.9
	6.7
	25.0
	[48]



	Fly ash
	45.4
	13.6
	3.2
	0.9
	3.8
	1.7
	4.2
	3.9
	9.7
	[49]



	Bottom ash
	50.4
	13.4
	2.3
	1.3
	8.8
	3.2
	12.7
	1.8
	3.2
	[49]



	Fly ash
	46.8
	8.8
	1.6
	2.6
	0.9
	1.2
	4.4
	4.9
	N.P.
	[50]



	Bottom ash
	27.9
	35.5
	2.6
	6.7
	3.7
	4.7
	2.7
	1.7
	N.P.
	[50]



	Fly ash
	46.3
	8.4
	2.7
	1.8
	1.3
	0.7
	6.2
	5.2
	N.P.
	[51]



	Bottom ash
	25.9
	42.1
	3.7
	8.6
	5.7
	3.8
	3.9
	1.9
	N.P.
	[51]



	Bottom ash
	49.8
	10.8
	2.4
	5.7
	9.6
	3.2
	1.7
	10.7
	N.P.
	[52]



	Bottom ash
	32.3
	32.9
	2.3
	12.2
	6.0
	3.1
	2.2
	N.P.
	2.1
	[43]







N.P. not reported.
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Table 2. Chemical compositions of MSWI bottom ash with different particle sizes [43].
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Particle Size (μm)

	
Weight Fraction (%)

	
Chemical Compositions (wt.%)




	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
TiO2

	
P2O5

	
MgO

	
Na2O

	
Cl

	
L.O.I

	
Others






	
<0.425

	
8.5

	
16.8

	
10.8

	
4.6

	
47.4

	
2.1

	
2.8

	
2.6

	
2.1

	
3.7

	
4.9

	
2.5




	
0.425–0.85

	
15.4

	
26.9

	
11.3

	
6.2

	
39.5

	
1.8

	
2.8

	
2.3

	
2.1

	
2.4

	
2.3

	
2.5




	
0.85–2.00

	
16.0

	
32.6

	
12.7

	
6.8

	
32.6

	
1.4

	
2.9

	
2.2

	
2.1

	
1.7

	
1.6

	
3.5




	
2.00–4.75

	
29.9

	
40.2

	
13.1

	
8.9

	
24.7

	
1.2

	
2.5

	
2.0

	
2.2

	
1.3

	
1.3

	
2.5




	
>4.75

	
30.3

	
48.9

	
11.5

	
5.2

	
17.6

	
0.8

	
2.1

	
1.7

	
3.0

	
0.4

	
0.3

	
8.6




	
Bulk

	
100.0

	
32.9

	
12.2

	
6.0

	
32.3

	
1.5

	
3.1

	
2.3

	
2.2

	
2.1

	
3.8

	
1.6
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Table 3. The heavy metal content of MSWI bottom ash and fly ash.
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Heavy Metal Content (mg/kg)

	
Ref.




	
Zn

	
Ba

	
Cu

	
Pb

	
Mn

	
Ni

	
Cr






	
Bottom ash

	
3016

	
3970

	
391

	
988

	
1360

	
139

	
634

	
[44]




	
Bottom ash

	
3193

	
1126

	
2321

	
687

	
620

	
105

	
393

	
[56]




	
Bottom ash

	
3800

	
1300

	
2700

	
1400

	
100

	
240

	
450

	
[57]




	
Fly ash

	
17,000

	
140

	
840

	
3000

	
1100

	
220

	
490

	
[57]




	
Fly ash

	
37,384

	
N.P.

	
3081

	
1356

	
N.P.

	
1584

	
566

	
[58]




	
Fly ash

	
3692

	
N.P.

	
2817

	
826

	
N.P.

	
78

	
1369

	
[59]
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Table 4. Leaching limits of selected HMs for the acceptance of solid waste at landfills in different countries (mg/L). (updated from [45]).
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	Code
	Zn
	Ba
	Cu
	Pb
	Mn
	Ni
	Cr
	Hg





	United States
	CFD40 216.3
	70
	7.6
	-
	0.15
	-
	1
	5
	0.009



	China
	GB18598-2019
	1
	1
	0.5
	0.05
	-
	0.05
	0.1
	0.001



	Germany
	EN12457-2
	3
	-
	3
	0.5
	-
	0.4
	2
	0.002



	Netherlands
	Column
	2.3
	6
	0.32
	0.97
	-
	0.7
	0.35
	0.017



	United Kingdoms
	2003/33/EC
	4
	20
	2
	0.5
	-
	0.4
	0.5
	0.01
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