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Abstract

:

The use of geopolymers for the solidification/stabilization (S/S) of municipal solid waste incineration fly ash (MSWI FA) is promising because the Cao in MSWI FA can provide an alkaline environment to facilitate geopolymer reactions and help to form the gel phase in the solidified body. This study investigated the role of CaO in MSWI FA in immobilizing common heavy metals, especially Cd2+ and Pb2+. Tests were performed to evaluate the effect of CaO on the unconfined compressive strength (UCS) of the polymer and the leaching of heavy metals. The findings revealed that as the CaO content increased, the UCS of the geopolymer samples also rose, reaching a maximum 28-day UCS of 24.8 MPa at a CaO content of 31.5%. Additionally, higher CaO levels resulted in lower leaching concentrations of heavy metals in the stabilized material. When the CaO level is 32%, the levels of heavy metals that leach out are very low, with Pb2+ at 0. 02 mg/L and Cd2+ at 0. 01 mg/L, achieving a stabilization rate of over 93.6% for these ions. Moreover, the geopolymer’s characteristics were analyzed by XRD, FTIR, and SEM, and the immobilization mechanisms of Cd2+ and Pb2+ were identified as gelation, physical encapsulation, and chemical substitution.
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1. Introduction


The principal pollutant emitted from municipal solid waste incineration (MSWI) units is fly ash, which is classed as hazardous waste. This is due to its elevated concentrations of heavy metals and dioxins, resulting in substantial environmental contamination [1,2,3]. Therefore, ensuring environmental safety by properly treating FA is a significant challenge. Currently, there are three primary methods for disposing of FA. Technologies for solidification and stabilization (S/S) techniques include the separation of components, extraction, and heat treatment [4]. Among them, FA S/S technology accounts for 80% of the current FA disposal market [5]. It is important to note that when FA is cured, the heavy metals (such as cadmium and lead) are not eliminated, but rather rendered stable. This approach raises significant concerns about the long-term safety and durability of pollutant leaching.



Recently, there has been a growing body of research dedicated to the solidification/stabilization (S/S) of FA in geopolymers. The outstanding structural stability and durability of the polymerization structure are the reasons behind this [6,7,8]. Under alkaline conditions, the breaking and recombination of Si-O and Al-O bonds create a three-dimensional (3D) network polymerization structure. This structure securely encapsulates the pollutants within the geopolymer, allowing for the safe and reliable disposal of FA. Additionally, the geopolymer can be reused, further enhancing environmental safety [9]. The geopolymer produced through geopolymerization exhibits excellent chemical stability, mechanical strength, low shrinkage, material stability, and environmental friendliness, making it a promising option for resource disposal [10,11].



Recent research has extensively examined the impact of elements like calcium and magnesium, as well as their derivatives, on the process of geopolymerization [12,13]. The amount and composition of calcium in the raw materials have a considerable impact on the reaction pathway and the physical characteristics of the resultant geopolymer. Similarly, the level of soluble silicate in the activating solution impacts the inclusion of calcium in the end product by regulating the pH of the solution and the ratio of calcium to silicon in the produced phases. More precisely, the pH has an effect on the relative stability of different precipitates that contain calcium [12].



At present, there is no systematic understanding of the mechanism of geopolymer solidification and stabilization of FA, and there are also differences in the mechanism of heavy metal S/S [14,15]. It is generally believed that there are two mechanisms for the solidification of heavy metal geopolymers: chemical binding and adsorption. Some studies [6,16,17] have suggested that chemical bonds between FA-based polymers and heavy metal ions can enhance the adsorption and encapsulation of heavy metals. This is because heavy metals transition from a free exchangeable and bound state to states bound to iron and manganese oxides, organic matter, and residues. This results in a closely bound and more stable geopolymer structure. Furthermore, limited research has been conducted on the effect of oxides on the composition of FA-based geopolymers used to cure or stabilize heavy metals.



This study employed geopolymers produced from FA to immobilize heavy metals, specifically, Cd2+ and Pb2+. An analysis was conducted to assess the immobilization characteristics of the composite geopolymer. This involved evaluating the unconfined compressive strength (UCS), chemical fractions, and leaching concentrations of heavy metals. In addition, the immobilization processes of heavy metals within the geopolymer were investigated using characterization techniques such as XRD, FTIR, and SEM. The main goals of this study were (i) to investigate the impact of different levels of CaO on the UCS of geopolymers; (ii) to evaluate how effectively heavy metals are immobilized at varying CaO levels; and (iii) to understand the mechanisms by which heavy metals are solidified and stabilized in the geopolymer matrix.




2. Materials and Methods


2.1. Materials


The waste-to-energy facility, owned by Everbright Environmental Protection (Shenyang) Energy Co., Ltd. (Shenyang, China), supplied the MSWI FA used in the experiments conducted for this study (Shenyang Daxin Domestic Waste Incineration Power Plant), and the chemical composition of different batches of FA in the MSWI plant are shown in Table S1.



Metakaolin (MK) is obtained at the Qingling Mineral Processing plant situated in Lingshou County, Hebei Province. MK is generated from the thermal treatment of kaolin (Al2O3·2SiO2·2H2O) to a temperature range of 600–900 °C for a duration of 2 h [18].



The alkaline activators employed in this investigation are water glass, sodium aluminate solution (NaAlO2), aluminum hydroxide solution (Al2(OH)3), and sodium hydroxide (NaOH) solution. Sodium silicate, commonly referred to as water glass, is an inorganic compound represented by the chemical formula Na2O·nSiO2. Water glass, which is the aqueous solution of sodium silicate, is often used as a mineral adhesive. This soluble inorganic silicate has numerous applications. The modulus of sodium silicate, represented by the molar ratio n = SiO2/Na2O, serves as an indicator of its composition and is a significant parameter, often falling within the range of 1.5 to 3.5 [19]. It is necessary to adjust the modulus with sodium hydroxide solution when using it. Deionized water (18.2 Ω), waste water, and waste liquid such as landfill leachate, waste concentrate, waste alkali liquor, and municipal sewage are used as solvents for the geopolymerization reaction.




2.2. Synthesis of Geopolymer


The molds utilized for testing will be prepared in accordance with the subsequent procedures. Initially, precise ratios are employed to measure exact quantities of FA and a blend of mineral conditioner comprising geopolymer compounds and alkaline activators. The mixture is then put into a special stirrer and mixed for 100–120 s until a consistent and homogeneous texture is achieved. The readiness of the mixture can be determined by its viscosity and the absence of perceptible granules, ensuring a smooth and flowing consistency. The ingredients are stirred until the fluidity is just right, achieving a viscous texture. Subsequently, the concoction is transferred into a mold measuring 40 mm by 40 mm by 160 mm for the purpose of conducting tests. The mold is placed on a vibration table to vibrate and compact the cement mortar. The mold is allowed to stand in the air for 24 h. Finally, the prepared FA-based geopolymer is put in a curing box where the temperature and humidity stay the same (at about 20 °C and at least 95% humidity). The geopolymer samples are retrieved once the designated curing period has elapsed. The geopolymer samples were successfully prepared. The sequence of steps is depicted in Figure S1.




2.3. Leaching Concentration and Solidification Efficiency Calculation for Heavy Metals


A mass of 10 g of fly ash or geopolymer curing body was taken to be tested, the leaching agent was added according to the proportion of 20:1, it was placed on the turnover oscillator, the speed was adjusted to 30 ± 2 R/min, and it was oscillated for 18 ± 2 h. Subsequently, the concentration of heavy metals in the FA or solidified body was measured using an atomic absorption spectrophotometer (Thermo Fisher sciscientific, iCE™ 3500, Waltham, MA, USA) to measure leaching. Refer to the information provided in Text S1 for further details.




2.4. Unconfined Compressive Strength (UCS)


In this project, the UCS of geopolymers was measured by a cement constant stress pressure tester (Jinan Zhonglu Testing Machine Co., Ltd., DYE-300, Jinan, China). The test was carried out at a loading speed of 2400 ± 200 N/s until the cured specimen was completely destroyed.




2.5. Phase and Microstructural Analyses


X-ray diffraction (BRUKER, D8 Advance Plus, Rheinstetten, Germany) was used to analyze the mineralogical compositions of the geopolymer samples. The changes in the binding energy and valence electron states of components in the geopolymer were determined through the utilization of FTIR spectroscopy (Thermo Fisher Nicolet, IS20, Waltham, MA, USA). The shape and structure of the geopolymer were studied using a scanning electron microscope along with energy-dispersive spectroscopy (Hitachi, S4800, Tokyo, Japan). Comprehensive testing protocols are outlined in the supplemental information (SI).





3. Results and Discussion


3.1. Effect of FA Content on the UCS of Geopolymers


The mechanical properties of geopolymers with varying FA contents were examined. The alkali activator was prepared by mixing sodium silicate solid powder and sodium hydroxide solution in a specific ratio, with the modulus and dosage of the activator, as well as the proportions of the FA and mineral regulator, kept constant. The FA content was adjusted to 50%, 60%, 70%, and 80%.



Figure 1 demonstrates a decrease in the UCS of the geopolymers over time (at 7, 14, and 28 days) when the concentration of FA was increased. At the point in time when the fine aggregate FA concentration was fifty percent, the 28-day UCS attained its highest value of 19.3 MPa. Conversely, at 80% FA content, the 28-day UCS dropped to its minimum value of 7.1 MPa. The decrease in the UCS with a higher FA content is attributed to the reduced amount of mineral modifier and lower silica–alumina content, which restrict the formation of the geopolymeric structure. This restrictive effect becomes more pronounced as the FA content increases, leading to a gradual decrease in the UCS of the geopolymer. Hence, the subsequent stage of the research will concentrate on examining the elements that influence the mechanical characteristics of the geopolymer at a precise level of 50% FA concentration.




3.2. The Effects of Oxidizing Agents on the UCS of Geopolymer Materials


3.2.1. Content of CaO


The CaO content is crucial in the geopolymerization process. According to Davidovits [20], the primary components of geopolymers are silicon and aluminum oxides, with a three-dimensional (3D) zeolite-like structure formed by SiO4 and Al2O3. The molar ratios of n(SiO2)/n(Al2O3) and n(CaO)/(SiO2 + Al2O3) significantly affect the UCS of geopolymers.



CaO is primarily sourced from FA and slag. When the FA content is maintained at 50%, the CaO level can be adjusted by altering the slag content. For the purposes of this study, a CaO content between 20% and 25% is categorized as low, between 25% and 30% as medium, and above 30% as high. The variation in the UCS with different CaO contents was investigated. Table S1 presents the total component analysis of the FA. Everbright Shenyang Energy’s FA exhibits a high CaO proportion, with relatively lower SiO2 and Al2O3 levels, classifying it as high-calcium, low-silicon, and low-aluminum FA. Additionally, this FA contains high levels of Cl and SO3. Since Si and Al are essential for geopolymer chemistry, supplementary silica-rich aluminum materials are required to form the geopolymer. The elevated Cl and S content also negatively impacts the geopolymerization process.



When the concentration of CaO was raised from 20% to 25%, the unconfined compressive strength (UCS) of the geopolymer consistently remained at a low level, measuring below 10 MPa. Nevertheless, with an increase in the CaO content, the UCS exhibited a consistent rising trend at 7, 14, and 28 days. A maximum UCS of 28.4 MPa was achieved after 28 days when the CaO concentration was 24.5%. When the FA content remains constant, greater amounts of CaO imply an increased amount of slag being added to the raw material. An increase in the CaO content results in its reaction with H2O in the alkaline activator, resulting in the formation of Ca(OH)2. Afterwards, Ca(OH)2 undergoes a reaction with CO2 in the atmosphere, resulting in the formation of compact crystalline structures such as CaCO3 [21,22]. Additionally, the Ca(OH)2 formed in water is alkaline, creating favorable conditions for the active reaction of MK [23]. The system’s silica–alumina content (mainly SiO2 and Al2O3) also increases. In a low-calcium system, the amount of calcium-rich geopolymer formed during polymerization is relatively low, with a large proportion being dispersed in phases rich in Si [24]. Therefore, the strength is primarily provided by Si-O-Si and Al-O-Si bonds. The strength of the geopolymer gradually improves as the quantity of Si-O-Si and Al-O-Si linkages in the system rises [25].



When the CaO content changes from 25% to 30%, there is a significant improvement in the UCS of the geopolymer, with most values surpassing 10 MPa at 28 days. Initially, as the CaO content increases, the UCS of the geopolymer at 7, 14, and 28 days rises, reaching a peak when the CaO content is around 27.0%, where the 28-day UCS reaches 23.9 MPa. Beyond this point, further increases in the CaO content lead to a decline in the UCS. The considerably higher UCS observed under a medium calcium content compared to low calcium content can be attributed to two main factors. Geopolymers are formed by organizing silica–oxygen tetrahedra and aluminum–oxygen tetrahedra in various sequences, with each pair of neighboring tetrahedra sharing a common oxygen atom. Guo et al. categorized the tetrahedral configurations into three distinct types: PS-type, PSS-type, and PSDS-type [26]. The connections that correlate are (-Si-O-Al-O-)/(-Si-O-Al-O-Si-O-)/(-Si-O-Al-O-Si-O-Si-O-). Out of them, the PSS type is recognized as the most robust chain type due to its elongated structure composed of silicon and aluminum. In a medium calcium system, the formation of these robust PSS-type chains is more favorable due to the optimal CaO content, which enhances the geopolymerization process. The CaO facilitates the formation of more stable and interconnected Si-O-Si and Al-O-Si bonds, contributing to the increased mechanical strength. Additionally, the presence of CaO in the right amount supports the formation of Ca(OH)2, which, in turn, reacts with CO2 to form CaCO3, further enhancing the density and strength of the geopolymer matrix. In contrast, in a low-calcium system, the formation of these long chain structures is less efficient due to insufficient CaO, leading to weaker and less interconnected Si-O-Si and Al-O-Si bonds. This results in lower UCS values. Similarly, in a high-calcium system, excessive CaO can result in the production of more Ca(OH)2 and CaCO3, which might disrupt the optimal geopolymer network, thus reducing the UCS. On one hand, the rise in the slag content components leads to a higher SiO2 concentration. Since the Si-O-Si bond is stronger than the Si-O-Al bond, this contributes to the potential for an increased UCS of the geopolymer. Alternatively, when exposed to alkaline activation, the raw materials consisting of CaO, SiO2, and Al2O3 undergo a chemical reaction that leads to the creation of C-S-H and C-(A)-S-H gel structures. These gels attach to the 3D zeolitic framework produced during the initial polymerization reaction, effectively filling in the gaps and enhancing the stability of the structure, therefore improving the UCS [18]. As the amount of CaO increases, the microstructure of the geopolymer undergoes a shift from a PS-type and PSS-type structure to that of a PSDS-type. Having this PSDS-type structure can weaken the stability of SiO4, leading to a decrease in the overall structural stability.



When the geopolymer system has a significant amount of calcium, the UCS initially rises and then declines. The UCS reaches its peak value of 24.8 MPa after a duration of 28 days, with the mass fraction of CaO being roughly 31.5%. This is a crucial juncture, because when calcium levels are elevated, slag accounts for over 30% of the overall cementitious materials, therefore establishing it as the dominating component in the system. Within this calcium-rich setting, sodium silicate experiences hydrolysis, resulting in the production of reactive SiO2. The SiO2, which is in an active state, undergoes a reaction with NaOH and the active silica–alumina compounds present in the slag and MK. This reaction results in the creation of a 3D gel structure known as C-(A)-S-H. The significance of this gel structure lies in its integration with the pre-existing 3D network composed of SiO2 and Al2O3 units. The interplay among these components leads to a more condensed and tightly packed microstructure. The C-(A)-S-H gels function as fillers, occupying the empty spaces within the geopolymer matrix. This procedure enhances the connections within the geopolymer, specifically the Si-O-Si and Al-O-Si connections, resulting in a general rise in UCS. Moreover, the inclusion of these gels in the 3D structure improves the robustness and longevity of the geopolymer. To summarize, the ideal CaO level of approximately 31.5% enhances the UCS by facilitating the creation of C-(A)-S-H gels, which strengthen the current geopolymeric structure. However, at this level, additional increments in the CaO concentration may result in component oversaturation, which can disrupt the ideal development of the gel and have a detrimental effect on the structural integrity and UCS of the geopolymer.




3.2.2. Effect of n(SiO2)/n(Al2O3) Ratio on UCS of Geopolymer


The primary components of the geopolymer consist of a combination of Si and Al. The 3D network of the geopolymer is reminiscent of zeolite, which is composed of SiO4 and AlO4 units [27]. Therefore, Si and Al play an important role in the formation of the geopolymer structure. The ratio of n (SiO2)/n (Al2O3) has a great influence on the UCS of the geopolymer. This study investigated the impact of varying the n (SiO2)/n (Al2O3) ratios on the UCS of the geopolymer. The experiments were conducted under three distinct conditions: low calcium (CaO content 20–25%), medium calcium (CaO content 25–30%), and high calcium (CaO content 25–30%).



As depicted in Table 1, under the condition of low calcium, the strength of the geopolymer is generally low, and the UCS of 7 d, 14 d, and 28 d is below 10 MPa. With the increase in the n (SiO2)/n (Al2O3) ratio, the UCS of the geopolymer increases first and then decreases. When the ratio of n (SiO2)/n (Al2O3) is 4.3, the UCS of the 28 d geopolymer is the highest, which is 8.1 MPa. The silica–alumina present in the mineral regulator MK must be activated in order to take part in the polymerization reaction when the alkali concentration is high. On the other hand, the calcium–silica in the slag needs to participate in the activation reaction when the alkali concentration is low. Because there are many kinds of mineral regulators in the geopolymer, the experiment is carried out under the excitation condition of a medium and low alkali concentration. Therefore, under this condition, the strength of the geopolymer is generally low. At the mean time, there may be excessive SiO2 in the system, which will also affect the strength of the geopolymer.



The UCS of the geopolymer materials measured at 7 d, 14 d, and 28 d, which corresponds to each of the n(SiO2)/n(Al2O3) ratios, is substantially enhanced in comparison to that under the low-calcium condition and the medium-calcium condition. As the n(SiO2)/n(Al2O3) ratio rises, the UCS of the geopolymer initially increases and subsequently decreases. The geopolymer’s 28 d UCS at 10.5 MPa is at its highest when the ratio of n(SiO2)/n(Al2O3) is 4.3. In the medium calcium system, the active SiO2 and Al2O3 in the mineral regulator are important components of the 3D network structure of the geopolymer. The broken bonds of NaOH and SiO2 decomposed from the alkali activator will form an aluminosilicate gel structure with the active SiO2 and Al2O3 bonds in the regulator. The increase in the unit SiO4 in the geopolymer is beneficial to the flocculation reaction, and the macroscopic strength increases. However, when the unit SiO4 is too much, the depolymerization and polymerization in the geopolymerization reaction will produce some side effects, and the strength of the geopolymer will begin to decrease at this time.



Within the high-calcium condition, the molar ratio of n(SiO2)/n(Al2O3) varied from 4.5 to 4.9, and the UCS of the geopolymer materials at various ages exhibited a notably greater value compared to that observed in the medium- and low-calcium conditions. The UCS of the geopolymer in the figure increases when the molar ratio of n(SiO2)/n(Al2O3) is 4.7; the 28 d UCS of the geopolymer is the highest, which is 15.2 MPa. When the geopolymer process is subjected to elevated amounts of calcium, the CaO undergoes a chemical reaction with SiO2 and Al2O3 to produce a C-(A)-S-H gel that exhibits a certain degree of strength [28]. However, when the molar ratio of n(SiO2)/n(Al2O3) continues to increase, the Al2O3 content in the system decreases, resulting in the decrease in -Si-O-Al-bonds, and there is a part of unreacted SiO2, leading to a reduction in the strength of the geopolymer.




3.2.3. Effect of CaO-SiO2-Al2O3 on UCS of Geopolymer


The alkali activator has a modulus of 1.2, with a NaOH/Na2SiO3 ratio of 1:2, and a fixed FA concentration of 50%. The strength distribution of the geopolymer in the ternary system of SiO2-Al2O3-CaO under the conditions of low calcium, medium calcium and high calcium is shown in Figure 2d. It can be seen from the analysis of the figure that, on the whole, in the SiO2-Al2O3-CaO ternary system, with the change in the oxide composition in the raw material ratio, the strength distribution in the system shows three regions of high, medium, and low.



When the strength of the geopolymer is more than 20 MPa, the composition of SiO2 is between 0.40 and 0.60, the composition of Al2O3 is between 0.50 and 0.65, the composition of CaO is between 0.40 and 0.55, and the molar ratio of CaO/(SiO2 + Al2O3) changes between 0.94 and 1.21. When the strength of the geopolymer is between 10 MPa and 20 MPa, the composition of SiO2 is between 0.50 and 0.63, the composition of Al2O3 is between 0.45 and 0.60, and the composition of CaO is between 0.40 and 0.50. At this time, the CaO/(SiO2 + Al2O3) molar ratio changes between 0.67 and 0.91. When the strength of the geopolymer is less than 10 MPa, the composition of SiO2 is between 0.60 and 0.70, the composition of Al2O3 is between 0.40 and 0.55, and the composition of CaO is between 0.30 and 0.40, where the molar ratio of CaO/(SiO2 + Al2O3) varies from 0.43 to 0.66.





3.3. Leaching Results


Upon examining Figure 3a,b, it is evident that the levels of heavy metal ion leaching in geopolymers stabilized through geopolymerization are considerably reduced compared to the original FA. More precisely, the first FA contains a leaching concentration of Pb2+ at 2.48 mg/L and Cd2+ at 9.78 mg/L. By contrast, the levels of Pb2+ and Cd2+ leaching in the geopolymer are decreased to 0.25 mg/L and 0.15 mg/L, respectively. With an increase in the CaO content, there is a decrease in the concentrations of heavy metals leached in the geopolymer. At a CaO content of 32%, the leach solution included a Pb2+ concentration of 0.02 mg/L and a Cd2+ concentration of 0.01 mg/L. After geopolymerization, the solidification/stabilization (S/S) rate for Pb2+ and Cd2+ can reach 93.6%. The effective solidification of heavy metals by the geopolymer is attributed to the integration of these ions into the 3D network formed during geopolymerization. This integration significantly reduces the mobility and leachability of heavy metals. For example, Mallow’s [29] research suggests that incorporating heavy metal ions into the geopolymeric structure enhances their immobilization.



The 3D network of the geopolymer, composed of SiO4 and Al2O3 units, provides sites where heavy metal ions are effectively trapped. This structural incorporation reduces heavy metals’ leachability and improves the mechanical strength and durability of the geopolymer. As the amount of CaO increases, the creation of C-(A)-S-H gels becomes more dense, filling gaps and generating a more compact matrix. The process of densification improves the ability of the geopolymer matrix to bind and immobilize heavy metal ions, so effectively containing them and reducing their negative effects on the environment.




3.4. Immobilization Mechanisms of Heavy Mental


3.4.1. X-ray Diffraction (XRD) Analysis


Figure 4a illustrates the XRD spectra of three materials including FA, FA-free geopolymer, and FA-based geopolymer. The MK sample’s X-ray energy spectrum demonstrates a distinct and substantial peak that is associated with crystallization in the 20 to 30 degree range [30]. This peak corresponds to the X-ray diffraction peaks of quartz (SiO2) and mullite (Al2O3), as verified through comparison with conventional X-ray films. The primary components identified in the X-ray images of the FA are Ca or Cl compounds. Furthermore, the presence of a tiny quartz phase is confirmed by the observation of smaller peaks between 50° and 60°, indicating that the FA has a specific gelling activity when stimulated by alkaline substances [26].



The geopolymer’s X-ray spectrum reveals a concentrated peak of geopolymer gel within the 25° to 35° range in the absence of FA [31]. In contrast, the geopolymer had distinct peaks at 26.7° and 45.6° [32], which corresponded to hydrated calcium aluminosilicate. These findings indicate that the geopolymer containing FA is contaminated with heavy metals and other contaminants, which disrupt the process of polymerization. Furthermore, the occurrence of a peak at 29.2° [33] signifies the existence of a calcium silicate gel. The formation of this gel occurs when active silica from the raw material combines with calcium salts in the FA under basic conditions.



The geopolymer and the original FA’s X-ray patterns have been observed, and several significant deductions have been made. The diffraction peaks of the FA, which are normally found between 30° and 50°, become nearly imperceptible or noticeably reduced during the solidification process. The alteration is most noticeable in the distinct diffraction peaks of the chlorine salt crystals, which are initially conspicuous at 30° and 40° in the FA. Upon the FA’s involvement in the geopolymerization reaction, the X-ray diffraction pattern of the geopolymer exhibits characteristic peaks that are incorporated into its structure. This observation suggests that FA plays an active role in the creation of the geopolymer, rather than being a mere waste item in the process. The occurrence of these peaks indicates that certain detrimental chemicals in the FA, such as chlorine salts, are integrated into the polymer structure in a crystalline state throughout the reaction. By including FA, the leachability of dangerous compounds is decreased and it is shown that FA contributes to the composition and properties of the geopolymer. The process of solidifying these chemicals within the polymer matrix improves the environmental safety of the end material by trapping potential pollutants. Moreover, this event confirms the deductions made from prior research. Prior studies indicated that FA has a role in the creation of a durable and robust structure during geopolymerization. The present evidence substantiates this concept by demonstrating that the FA undergoes reactions with other constituents in the raw materials, resulting in the creation of novel crystalline phases inside the geopolymer framework. The results emphasize the dual function of FA as both a reactive agent and a potential source of hazardous compounds that are effectively neutralized by the reaction of geopolymerization. In summary, the lack of or reduction in diffraction peaks between 30° and 50° in the FA, coupled with the appearance of new peaks in the geopolymer, indicates the substantial contribution of FA in the geopolymerization reaction. This procedure ensures the successful integration of the FA into the geopolymer matrix, thereby effectively immobilizing hazardous chemicals and enhancing the material’s environmental security and structural strength.




3.4.2. Infrared Spectroscopy (IR) Analysis


In order to investigate the alterations of functional groups and chemical bonds during the interaction between the MSWI FA and geopolymer, infrared spectroscopy was conducted on the geopolymer, MSWI FA, and the curing body used for the studies. The test results are illustrated in Figure 4b.



The pictures clearly illustrate the creation of the geopolymer structure. An absorption peak with a rather wide range arises between the wavelengths of 3440–3450 cm−1 and 3450 cm−1 [15]. This peak corresponds to the stretching vibration of hydroxyl (-OH) groups in free water. The neighboring peak reflects the stretching vibration of hydroxyl groups in free water. Therefore, this suggests that a slight quantity of water is present in both the materials and the geopolymer. Liquid water within the geopolymer aids in reinforcing its strength and achieving a denser arrangement. The absorption peak at 1430 cm−1 is mainly associated with the C-O stretching vibration mode in the carbonate ion CO32−, and the formation of these carbonates may be due to the reaction of a large amount of calcium oxide with atmospheric carbon dioxide (carbonation) during fly ash combustion [8]. The bending vibration peak of Si-O-Si or O-Si-O in pure geopolymers occurs at a frequency of 468 cm−1, whereas the stretching vibration peak of Si-O-A (where A represents Si or Al) occurs at a frequency of 1006 cm−1. The MSWI FA-based geopolymers exhibit an extension vibration peak of Si-O-A in the range of 986–991 cm−1, and a symmetry vibration peak in the region of 873–875 cm−1. Furthermore, the system may exhibit bending vibration peaks of Si-O-Si or O-Si-O within the range of 449–455 cm−1 [34].



The geopolymer exhibits a shift towards shorter wavelengths in the absorption peak frequencies, indicating the transition of the Si-O-Si stretching vibration peak. This is because the modification is a result of Si favoring stronger bonding interactions with O over those with Al. This implies that the depolymerization reaction has occurred in the aluminosilicate or silicate [14]. The vibrational energy between the Si and O group and its surrounding environment is altered by the addition of heavy metal ions, which modifies the composition of the FA’s geopolymer. As a result, the vibration peak is displaced. The stretching vibration peak of Si-O-A in the geopolymer based on FA shifts towards lower wavenumbers as compared to traditional geopolymers (1006 cm−1–997 cm−1). This shift suggests that the structure has undergone depolymerization, providing evidence that FA, as a raw material, is not merely physically enclosed within the 3D cage structure but is actively involved in chemical reactions. However, even though the fly ash (FA) contained some chlorine and sulfur, no hydrated calcium chloroaluminate was found in the final product [35]. The absence of this product is most likely caused by the product being present in low concentrations or because the reaction forms hydration products that contain the chlorine and sulfur found in the FA [36].



The infrared spectrum investigation reveals that the presence of heavy metal ions in the fly ash (FA) does not affect the structure of SiO4. Instead, these ions are enclosed within the 3D cage-like structure generated by geopolymerization, which helps in their solidification. Further evidence of the geopolymer structure’s effective capacity to immobilize heavy metals in FA is provided by the heavy metal leaching test, which demonstrates that the solidification rates for Pb2+ and Cd2+ can exceed 93.6%.




3.4.3. Scanning Electron Microscope (SEM) Analysis


An SEM image of the geopolymer in the low-calcium system is shown in Figure 5a. It can be seen from Figure 5a that the geopolymer shows a relatively dense amorphous structure. After a certain amount of magnification, it can be observed that in the low-calcium system, the geopolymer shows a 3D network structure, indicating that the incorporation of FA does not change the hydration products of the geopolymer. After further enlargement, it can be observed that the polymer in the cured body product shows a relatively dense network structure microscopically, and shows compression resistance macroscopically, as well as high strength, good impermeability, a low leaching concentration. It can also be observed that there are FA particles that do not fully participate in the reaction. As the geopolymerization structure of the geopolymer becomes more and more dense, the harmful heavy metals in the FA particles are effectively encapsulated inside the geopolymer under the simultaneous action of physical wrapping and chemical adsorption methods [37].



The SEM image of the geopolymer in the medium-calcium system is shown in Figure 5b. As can be seen from Figure 5b, the lamellar structure of the geopolymer in the medium-calcium system is significantly enhanced in comparison to the low-calcium system. This is a direct result of the increased content of calcium oxide, which in turn leads to an increase in the C-S-H gel that is produced by the reaction between calcium and silicate. Meanwhile, a large number of 3D network structures can be observed in Figure 5b, and continuous cage structures can also be observed, indicating that in addition to the hydrated C-S-H gel formed by the CaO reaction, a C-A-S-H gel with a geopolymeric structure is also formed in the geopolymer, and the two are superimposed with each other [17]. In the case of interaction, the structure of the geopolymer is more compact. Furthermore, the toxic heavy metals in the FA are solidified in the geopolymerized network structure and cage structure.



The SEM images of the geopolymer in the high-calcium condition are depicted in Figure 5c. The majority of the fly ash particles in this system participate in the hydration process. These particles become significant components of the final geopolymer structure because of their involvement. The high-calcium content promotes good FA particle mixing and aids in the hydration process, which strengthens and stabilizes the geopolymer. The existence of different crystal structures in the FA leads to a reduced proportion of FA particles sticking to the geopolymer surface. These heterogeneous crystalline components do not participate in the hydration process. Instead, they are incorporated and immobilized inside the 3D network structure of the geopolymer, together with heavy metals. This encapsulation ensures that both the crystalline components and the heavy metals are integrated into the overall matrix, contributing to the stability and integrity of the geopolymer. In the high-calcium environment depicted in Figure 5c, there is a reduced presence of the aluminosilicate structure, primarily composed of calcium-alumino-silicate-hydrate (C-A-S-H) gel. The primary result of hydration is the formation of the calcium-silicate-hydrate (C-S-H) gel, which has a highly interconnected structure resembling laminated sheets. The geopolymers in the high-calcium systems exhibit a dense surface and high strength, qualities that can be attributed to its unique structure. This structure plays a crucial role in significantly enhancing the material’s exceptional endurance and durability [38].




3.4.4. Solidification Mechanism of Geopolymer


Geopolymers immobilize/stabilize heavy metal ions via three primary mechanisms: gelation, physical encapsulation, and chemical bonding [7,39]. When the formless aluminosilicate component dissolves in an alkaline environment, the SiO4 and AlO4 ions become dehydrated and undergo processes that result in polycondensation and gelation [40]. During the progression of the reaction, the amount of oligomeric gel rises, and the heavy metal cations become cemented inside the structure of the system due to the encapsulation effect, resulting in the desired solidification effect [41,42]. The abundant pore space and a significant surface area in the geopolymer enables it to capture heavy metal ions effectively. It should be emphasized that heavy metals do not consistently exist in their ionic state, as proposed by several researchers [43]. Thus, Pb2+, Cd2+, and other ions of the same nature can be immobilized by creating hydroxide precipitates [44]. In addition, Pb2+ can create silicate phases that help immobilize it [45]. However, a minority of specialists contend that the infrared spectrum measurements do not show any evidence of the hydroxide phase. In order to achieve a better understanding of this mechanism, additional experimental evidence is required. Investigations have shown that neither pure geopolymer nor geopolymer combined with FA results in the formation of new mineral varieties in their structure, but instead preserve many of the original features [46]. This indicates that the geopolymer after curing the heavy metal ion does not exhibit a large performance increase. Nevertheless, the initial condensed configuration can predominantly be maintained, hence augmenting its capacity to impede the migration of heavy metal ions. The precipitation of heavy metal hydroxides, carbonates, silicates, and aluminates is often regarded as a supplementary means to facilitate the hardening process [37]. Yet, it is also viewed as a sort of gel formation and physical protection, as it utilizes the gel process to adequately envelop and hold materials in position.



Geopolymers have the ability to create a distinct 3D network with a cage-like structure similar to zeolite. This is achieved through the process of alkali activation, which involves dissolving, breaking down, and then reassembling the polymer chains. The immobilization of heavy metal ions is greatly facilitated by this complex network. Heavy metal ions can contribute to the construction of the geopolymer skeleton structure by participating in ion replacement, which is facilitated by electrovalence balancing. Furthermore, these ions can also become cemented within the cage structure [47]. This ion replacement does not affect the original basic structure of SiO4 and AlO4. In the structure of the geopolymer, Al3+ shows electronegativity after combining with four O2−. To maintain electrovalence equilibrium, certain positive ions such as Na+ and K+ play a crucial role in forming essential components and ensuring stability. Some heavy metal ions in the FA can be replaced by these alkali metal ions to replace their sites in the structure, so that they can be stably solidified in the geopolymer structure [48]. This substitution is most significant for ions such as Pb2+ with radii close to those of Na+ and K+, and the radius of Pb2+ is 0.119 nm, the radius of Na+ is 0.095 nm, the radius of K+ is 0.138 nm, and the radius of Pb2+ is between those of Na+ and K+ and close to them, so the curing effect of Pb2+ is particularly significant, which also verifies the ion replacement mechanism. Some investigations have shown the potential for certain heavy metal ions to substitute components in the covalent framework of silicon and aluminum [49]. The fundamental process of immobilizing heavy metal ions is generally accepted to be initiated by their chemical interaction with the oxygen atoms at the end of the Al-O and Si-O bonds in the geopolymer structure.






4. Conclusions


This study examined the effectiveness of CaO in immobilizing Cd2+ and Pb2+ using a geopolymer made from MSWI FA. The results emphasize the crucial significance of CaO in effectively trapping heavy metals inside the geopolymer structure. This research yielded the following results and developments:



	(i)

	
The role of CaO in the geopolymerization process was systematically explored. The findings revealed a direct relationship between the CaO concentration and the UCS of the geopolymer samples. The highest UCS, reaching 24.8 MPa at 28 days, was achieved with a CaO content of approximately 31.5%. Additionally, the UCS of the geopolymer exceeded 20 MPa when the molar ratio of CaO/(SiO2 + Al2O3) was between 0.94 and 1.21. This comprehensive understanding provides a theoretical basis for optimizing geopolymer solidification technology.




	(ii)

	
The investigation revealed that augmenting the CaO content in the geopolymer had a substantial impact on diminishing the leaching concentrations of heavy metals, specifically, Pb2+ and Cd2+. At a CaO content of 32%, the concentrations of Pb2+ and Cd2+ in the leaching solution fell to 0.02 mg/L and 0.01 mg/L, respectively. This decrease was achieved with a solidification/stabilization (S/S) rate of 93.6%.




	(iii)

	
Research on geopolymers, including techniques such as FTIR, XRD, and SEM, has demonstrated that they undergo an intricate sequence of alkali activation processes. This process results in the formation of a unique 3D network that comprises zeolite-looking cage structures. These structures play a vital function in the process of solidifying heavy metal ions, thereby ensuring their stability and preventing their movement. The comprehensive structural analysis confirms the superior performance of geopolymers in heavy metal immobilization and proposes methods for optimizing geopolymer formulations in high-calcium environments.







In summary, this study presents a new application pathway for the resource utilization of MSWI FA, characterized by economic efficiency, safety, low carbon emissions, clean energy, environmental protection, and circular economy. The innovative research methods and systematic analysis provide valuable theoretical and practical insights for further studies and practical applications in the field of geopolymer technology.
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Figure 1. Effect of different fly ash content on UCS of geopolymer. 
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Figure 2. The UCS of MSWI fly ash-based geopolymer: (a) low-CaO condition, (b) medium-CaO condition, (c) high-CaO condition, (d) ternary system of SiO2-Al2O3-CaO under the conditions of low, medium, and high CaO. 
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Figure 3. The results of the leaching test. (a) Determining the concentration of heavy metal ions released during leaching in the geopolymer. (b) The immobilization percentage of heavy metal ions in the geopolymer. 
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Figure 4. Characteristics of geopolymers. (a) XRD (a: geopolymer, b: MSWI FA, c: geopolymer based on MSWI FA). (b) FTIR (a: geopolymer, b: MSWI FA, c: geopolymer based on MSWI FA). 
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Figure 5. SEM images of MSWI fly ash-based geopolymer: (a) low-CaO condition, (b) medium-CaO condition, (c) high-CaO condition. 






Figure 5. SEM images of MSWI fly ash-based geopolymer: (a) low-CaO condition, (b) medium-CaO condition, (c) high-CaO condition.



[image: Cleantechnol 06 00053 g005a][image: Cleantechnol 06 00053 g005b]







 





Table 1. Displays the impact of the ratio of n(SiO2)/n(Al2O3) on the unconfined compressive strength (UCS) of geopolymer.
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No.

	
Type

	
n(SiO2)/n(Al2O3)

	
7 d USC

	
14 d USC

	
28 d USC






	
1

	
Low

	
3.4

	
1.6

	
3.0

	
3.6




	
2

	
3.7

	
2.4

	
4.1

	
5.8




	
3

	
4

	
4.3

	
5.3

	
6.9




	
4

	
4.3

	
5.0

	
6.6

	
8.1




	
5

	
4.6

	
4.0

	
5.9

	
7.2




	
6

	
Medium

	
4.2

	
5.0

	
8.7

	
8.7




	
7

	
4.3

	
5.8

	
10.2

	
10.5




	
8

	
4.4

	
5.3

	
9.2

	
10.2




	
9

	
4.5

	
4.3

	
5.8

	
7.5




	
10

	
4.6

	
4.0

	
5.4

	
7.3




	
11

	
High

	
4.5

	
8.9

	
9.2

	
11.1




	
12

	
4.6

	
9.1

	
11.7

	
12.9




	
13

	
4.7

	
11.7

	
14.1

	
15.2




	
14

	
4.8

	
10.4

	
12.9

	
13.3




	
15

	
4.9

	
8.8

	
10.0

	
11.7
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