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It is urgent to develop an adsorbent with low price and high removal rate of heavy metal cations for the treatment of wastewater. Herein, we report a novel coal gangue-based multiphase porous ceramic as an efficient and economic adsorbent for remove heavy metal cations. Due to the highly designed porous structure derived from the effect of pore-forming agents, the coal gangue-based multiphase porous ceramic adsorbent shows remarkable performance of the removal of Cu2+, Co2+, and Ni2+ from wastewater. Meanwhile, the microstructure and chemical composition of coal gangue-based porous ceramics have been characterized by X-Ray diffraction, Fourier transform infrared spectroscopy, and scanning electron microscope. Besides, the effects of the formula and particle size of silicon carbide on the structure of porous ceramics were also studied. Furthermore, the structure-function relationship between various reaction conditions and adsorption performance and the microstructure of adsorbent has been researched. In addition, the adsorption mechanism of complex porous ceramics on Cu2+, Co2+, and Ni2+ has been revealed by simulated calculation.
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1 INTRODUCTION
In recent years, the environmental pollution caused by the rapid development of industry cannot be ignored, among which heavy metals have extremely serious ecological risks due to their fluidity, toxicity, and wanton discharge (Qasem et al., 2021; Luo et al., 2024). Traditional removal methods include chemical precipitation, evaporation concentration, ion exchange, electrochemical treatment, adsorption, and membrane filtration (Kim et al., 2024). Among these methods, the adsorption method has great advantages over other methods in terms of treatment efficiency and cost, so the preparation of adsorbents with low price and high removal rate has become a research hotspot in the fields of environment and materials (Deng et al., 2017).
At present, low-cost adsorbents for the treatment of wastewater containing heavy metals mainly include ceramic (Chen et al., 2021), soil (Mazarji et al., 2023), biochar (Park et al., 2016), clay (Gu et al., 2019), and zeolite (Velarde et al., 2023). Among of the materials, porous ceramics have been considered as promising materials to purify heavy metal ions, because of its unique characteristics such as low density, high specific surface area and good chemical stability (Chen et al., 2021). Ceramic based materials include mullite, alumina, silicon nitride, silicon carbide, diatomaceous earth, and iolite have thus been developed for solving the challenges in the treatment of heavy metal cations (Li et al., 2016; Han et al., 2017; Guo et al., 2016).
However, the performance of traditional porous ceramics is hard to meet the ever-growing needs of remove heavy metal cations. Coal gangue-based adsorbents, such as geopolymer and alkali activated material, have been employed as effective adsorbents for efficient removal of heavy metal cations, on account of the remarkable adsorption performance derived from its abundant 3D cross-linked structures (Mei et al., 2023; Li et al., 2022; Yan et al., 2018). Furthermore, the advantages of the abundant reserves, low economic cost and simple production methods make coal gangue-based adsorbents become sustainable and low-cost. Therefore, mullite complex porous ceramics based on coal gangue are promisingly economical absorbers with outstanding ability of eliminating heavy metal cations (Sun et al., 2022; Zhang et al., 2020). In addition, density functional theory (DFT) computational simulations including dynamic, thermodynamic and functional theory are novel methods to make in-depth research about the adsorption property and characteristics of materials (Ren et al., 2022; Xu et al., 2021).
Herein, we construct a novel coal gangue-based multiphase porous ceramic via simple sintering foaming method as a high effective and economic adsorbent for well treatment of heavy metal cations. Due to the unique porous structure derived from the effect of pore-forming agents, the coal gangue-based multiphase porous ceramic adsorbent exhibit remarkable performance of the removal of Cu2+, Co2+, and Ni2+ from wastewater. The microstructure and chemical composition of coal gangue-based porous ceramics have been characterized by X-Ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and scanning electron microscope (SEM), and the effects of the formula and particle size of silicon carbide on the structure of porous ceramics were also studied. Furthermore, the structure-function relationship between the content of additives, adsorption time/temperature and adsorption performance and the microstructure of adsorbent has been explored. In addition, the adsorption mechanism of complex porous ceramics on Cu2+, Co2+, and Ni2+ has been revealed by simulated calculation. Consequently, the coal gangue-based multiphase porous ceramic adsorbent may shed fresh light on purification of wastewater.
2 EXPERIMENTAL PARTS
2.1 Raw materials and equipment
Coal Gangue (origin: Yangquan, Shanxi), silicon carbide, sodium carbonate, alumina, sodium carboxymethyl cellulose (CMC). The raw material is coal gangue, which consists mainly of silicon dioxide and alumina. The chemical composition of coal gangue is detected by mass spectrometry and the results are shown in Supplementary Table S1. Sodium carbonate, silicon carbide, alumina, carboxymethyl cellulose (CMC), China National Pharmaceutical Group Chemical Reagent Co. Ltd. The water used in the laboratory is self-made distilled water. The main chemical composition and phase composition of coal gangue material are shown in Supplementary Table S1 and Supplementary Figure S1 by X-ray diffraction. It can be seen from the table that the main components of coal gangue are SiO2, Al2O3, containing a small amount of sulfur and iron. According to the semi-quantitative analysis of XRD data by using the theory of RIR value of Jade 6, it is found that the main phases are quartz, aged stone, some pyrite and a little dolomite. The composition data are consistent, and the diagram shows that the content of silicon dioxide in coal gangue is on the high side. It is a problem to be considered in the follow-up experiment. In addition, instruments such as Beaker, centrifuge tube, mortar, corundum boat and crucible are needed in the experiment (Supplementary Table S2).
2.2 Principle of preparation
As shown in Figure 1, when the temperature is higher than 900°C, the silicon carbide powder reacts with oxygen and other oxides in the furnace to produce CO and CO2 (Roy et al., 2014). Compared with CaCO3, CaSO4, and dolomite, silicon carbide can increase the porosity of ceramics more efficiently (Xia et al., 2022), and obtain more widely distributed pores. Because of its excellent properties, it plays an indispensable role in asymmetric ceramic adsorption materials. The coal gangue itself contains a small amount of metal elements, which is conducive to promoting the formation of mullite reaction between alumina and silica, this makes silicon carbide easier to break down and produce more gas to keep the pore size under control (Li et al., 2022). The mullite is formed at temperatures above 1,400°C (Aksay and Pask, 1974), and that the temperature required for the preparation of mullite is reduced by the presence of a certain amount of impurities in the material under test. The phase diagram shows in Figure 2 that the best condition for forming mullite is between 20% and 30% of SiO2. Therefore, it is necessary to add some alumina in the following experiments, as far as possible, the silicon dioxide impurities in the ceramic can be effectively reduced to ensure that the porous ceramic is a mullite-silicon carbide composite phase.
[image: Figure 1]FIGURE 1 | (a) Decomposition mechanism diagram of SiC pore preparation; (b) Process of preparing porous ceramics from coal gangue.
[image: Figure 2]FIGURE 2 | Mullite binary phase diagram (Aksay and Pask, 1974).
2.3 Preparation of porous ceramics
The raw materials were prepared by ball milling of 15% silicon carbide, a certain amount of alumina and sodium carbonate, and 1.5% sodium carboxymethyl cellulose (CMC). After 0.6 g of the mixed material was used to press 10 MPa at pressure for 4 min, the ceramic samples were obtained. And the samples were heated to 1,200°C–1,325°C at the rate of 5°C/min in muffle furnace, and then cooled to normal temperature after holding for 90 min.
2.4 Adsorption experiment
In order to investigate the effects of porous ceramic materials on Cu2+, Co2+, and Ni2+, the particle size, adsorption time, and their effects on the preparation of porous ceramics were studied. The effects of adsorption temperature, adsorption time, and initial solution concentration on adsorption performance were also investigated. Cu2+, Co2+, and Ni2+were prepared using chemically pure reagents Cu2+, Co2+, and Ni2+. At the end of the reaction, extract the treated liquid with a dropper, measure and analyze the content of Cu2+, Co2+, and Ni2+in the solution, and calculate the adsorption capacity. Each sample was set with some parallel samples and the experimental data was averaged.
3 RESULTS AND DISCUSSION
3.1 Effect of reaction conditions on porous ceramics
Considering the influence of temperature, sodium carbonate content and alumina content on the preparation of porous ceramics, it is necessary to prepare the porous ceramics at different reaction conditions. Therefore, the optimum reaction conditions can be obtained by rational regulate the conditions.
Figure 3a shows the XRD data of mullite and silicon carbide for the multi-phase porous ceramics with calcination temperature ranged from 1,250°C to 1,325°C. Try to lower the temperature while holding the original phase. It is found that when the temperature is below 1,250°C, the peak degree of silicon carbide increases, even quartz phase appears. Therefore, the suitable calcination temperature is 1,250°C to ensure stable phase formation of porous ceramics. Besides, it can be seen from Figure 3b and Supplementary Table S3 that the addition of sodium carbonate at 1.5%, from the XRD can be seen in its composition of quartz content is too high. The results show that the reaction is not complete, mullite phase is not complete reaction, there are higher impurities. When the content of sodium carbonate is 6%, there are more impurities in quartz phase and no holes in the ceramics. Not suitable as a porous ceramic material. The composition of the ceramic films with 3%, 4%, and 5% silicon carbide can be observed by XRD. There is obvious mullite + silicon carbide phase. Besides, the ability of prevent crushing stress increased by sodium carbonate content. When the amount of sodium carbonate is 5%, the water absorption effect and the mechanical strength is the best, which is better than previous work (Mei et al., 2023; Li et al., 2022; Yan et al., 2018). Therefore, the best addition of sodium carbonate is 5% for optimal boost the porosity of materials. In addition, Figure 3c shows the effect of alumina content. The peak of silicon carbide was the highest when the addition of alumina was 1.5% and 3%. It shows that the reaction efficiency of silicon carbide is too low in the sintering process, so it is necessary to increase the amount of alumina to ensure the reaction. When the addition of alumina reaches 7%, the peak of alumina appeared, and the silicon dioxide was still high. The results show that the composition of Mullite is about 60% and that of silicon carbide is about 32% by Quantitative analysis the XRD data by Jade 6. So that the impurities are less than 8%, thus the mullite and silicon carbide multiphase porous ceramic materials are obtained.
[image: Figure 3]FIGURE 3 | XRD patterns of porous ceramics (a) at different calcination temperatures, (b) with different sodium carbonate content and (c) alumina content.
Furthermore, the effect of SiC particle size has been detected by SEM and XRD. The pore size of porous ceramic prepared by silicon carbide with pore size of 300 mesh (48 μm) is the most uniform distribution which is compared to silicon carbide with pore size of 200 mesh and 500 mesh (Figures 4a–d; Supplementary Figure S1). And there is no quartz at the characteristic peak of 2θ = 46° when the size of silicon carbide particle is added at 300 mesh, which proves that the content of quartz is low. The more obvious silicon carbide and mullite peak, indicating that the formation of ceramic mullite phase (Figure 4e). Therefore, 300 mesh silicon carbide can be used as a pore-forming agent. It can be seen that it contains silicon and oxygen in the display composition of EDS (Supplementary Figures S1A–F). The content of oxygen is high, it contains quartz components.
[image: Figure 4]FIGURE 4 | (a–d) SEM images of the porous ceramic prepared by silicon carbide with pore size of 300 mesh (48 μm); (e) XRD patterns of porous ceramics with different SiC particle sizes.
3.2 The influence of different factors on adsorption performance
The effect of initial concentration of solution on the adsorption properties are shown in Figure 5 and Figure 6. It can be seen that in the concentration range of 40–175 mg/L, as the initial concentration of the solution increases, the adsorption capacity of coal gangue based porous ceramic materials for Cu2+, Co2+, and Ni2+ continues to increase. When the adsorption capacity reaches a certain amount, it tends to flatten out, and then the concentration gradually increases. When the amount reaches a certain value, it remains unchanged; The solution concentration is the same, except for coal gangue porous ceramic materials. It can be seen from the adsorption effect of porous ceramic materials on three types of metal cations. The adsorption effect of porous ceramic materials is Ni2+ > Cu2+ > Co2+. Moreover, porous ceramic materials have a higher adsorption capacity for Ni2+ (Supplementary Table S4). At the same time, it can also be understood that when the concentration of the ionic solution reaches 100 mg/L, the solution concentration should be further increased. There is no significant change in the adsorption effect. Therefore, the appropriate value for the adsorption of these three metal ions by porous ceramic materials is 100 mg/L.
[image: Figure 5]FIGURE 5 | (a–e) EDS images of the porous ceramic prepared by silicon carbide with pore size of 300 mesh (48 μm); (f) Ceramics are analyzed for component content in EDS.
[image: Figure 6]FIGURE 6 | The effect of initial concentration of solution on the adsorption properties of Cu2+, Co2+ and Ni2+ ions.
In addition, the influence of adsorption time/temperature on adsorption performance are also be explored in Figure 7. When the concentration of the three components is 100 mg/L respectively, the adsorption PH is 7, the oscillation time is 720 min, and the oscillation rate is 180 r/min, the addition amount of porous ceramic material is 10 g/L. The influence of modification or not on the adsorption capacity of the three components is shown in the figure below. From the experimental results, the initial reaction rate is very fast, at this time the reaction mainly occurred in the surface of coal gangue-based porous ceramics, some of the existence of physical adsorption. With the passage of time, part of Cu2+, Co+, Ni2+ were added into the porous ceramic materials, and gradually occupied the positions. With the passage of time, more and more adsorption sites were found due to the large amount of adsorption (Figures 7a–c). There are fewer and fewer sites available for efficient adsorption, which slows down the adsorption to a state of adsorption equilibrium. At this time, the adsorption rate inside and outside of coal gangue-based porous ceramic material decreases to reach saturation, so that the amount of adsorption does not change.
[image: Figure 7]FIGURE 7 | (a–c) The influence of adsorption time and (d–f) adsorption temperature on adsorption performance for Ni2+, Cu2+, Co2+.
From the graph, it can be seen that the initial concentration of the solution varies within the range of 40–175 mg/L. Under three different temperature conditions of 20°C, 30°C, and 40°C, the adsorption capacity of coal gangue based porous ceramic materials for Cu2+, Co2+, and Ni2+ has been improved, respectively (Supplementary Table S5). The analysis result shows that under the same initial concentration the temperature increases with the adsorption capacity increases due to the more thorough diffusion of ions on the surface, allowing more ions to enter the surface and interior of porous ceramics (Figures 7d–f). And the increase in temperature is conducive to the increase of active sites on the surface. To be specific the adsorbent properties of novel coal gangue-based multiphase porous ceramic is close to or better than the recently reported strategies for purification of wastewater (Mei et al., 2023; Li et al., 2022; Yan et al., 2018).
3.3 Characterization of porous ceramics
Impeccable characterizations are necessary to understand the pore structure and chemical compositions of the material. Figure 6 shows the nitrogen adsorption desorption curve and pore size distribution curve of the coal gangue based multi-porous ceramic material sample. According to the division of adsorption isotherms by IUPAC, the sample belongs to Type IV adsorption isotherm, and there is an inflection point at P/P0 = 0.1 in the lower pressure section, and the adsorption capacity in the lower pressure section rises gently. It shows that the interaction between the surface of the sample and nitrogen molecules is weak, and the micropore content of the sample is low. With the increase of relative pressure, the capillary condensation of nitrogen occurs in the mesoporous pore channel. When the pressure decreases, the condensed liquid nitrogen volatilization leads to the difference between the desorption curve and the adsorption curve to form a hysteresis ring. Compared with the standard hysteresis ring type, the curve is H4 hysteresis ring indicating that the sample pore structure is irregular and mainly consists of narrow pores with the accumulation of sheet particles.
The adsorption curve is located at P/P0 = 0.99, the maximum nitrogen adsorption capacity of the sample is 26.7513 mL, and the volume of 1 mL nitrogen after condensation under standard condition (STP) is 0.001547 mL, so the total pore volume of the sample is equal to 0.0418 cm3/g. For the range of P/P0 = 0.1–0.29 in the lower pressure section, the specific surface area calculated by bet method is 17.6125 m2/g. It can be seen from the pore size distribution curve that the pore size of the sample is mainly distributed in the range of 2–50 nm, and the maximum pore size is concentrated in 3.59 nm, showing typical characteristics of mesoporous materials (Figures 8a,b).
Figures 8c,d shows the absorption peak at 3,589 cm−1 is the stretching vibration of O-H (Musso et al., 2014), the absorption peak at 3,443 cm−1 is the stretching vibration of OH (Musso et al., 2014), the absorption peak at 1,780 cm−1 is the stretching vibration of C=O, and the absorption peak at 1,623 cm−1 (Martra et al., 1999) is the variable Angle vibration of -OH. The absorption peak at 1,100–1,000 cm−1 is the antisymmetric stretching vibration of Si-O-Si (Eren and Afsin, 2008; Fonseca et al., 2009), the absorption peak at 1,000–900 cm−1 is the stretching and bending vibration of Al-OH, the absorption peak at 785 cm−1 is the symmetric stretching vibration of Si-O-Si, and the absorption peak at 729 cm−1 is the vertical vibration of Al-OH. Among them, according to the PDF figure, the absorption peak at 500–550 cm−1 (Musso et al., 2014; Eren and Afsin, 2008; Dawodu and Akpomie, 2014) is the stretching vibration of Al-O-Si. It can be seen that the surface has chemical bonds such as ≡ Si-O, ≡ Al-O, ≡ Al-OH, and the potential of the suspension system is negative, which is the structural basis of its excellent adsorption performance. From the adsorbed material, the characteristic peaks of 3,589 and 3,443 cm−1 are wide and disappear obviously (Tan et al., 2023), which indicates that Ni2+, Co2+, and Ni2+ in wastewater combine with oxygen atoms and carbonyl groups on the surface of coal gangue based porous ceramics, and chemical reactions occur.
[image: Figure 8]FIGURE 8 | (a) Nitrogen adsorption-desorption curve (b) plot of pore size distribution; (c) FTIR spectra of porous ceramics after adsorbing Ni2+, Cu2+, Co2+ and (d) initial porous ceramics.
BET characterization can be seen that there are many through holes at this time, and most of them are mesopores and macropores. FT-IR showed that the adsorption of three heavy metal ions by porous ceramic materials was mainly based on the combination of hydroxyl groups and metal ions. On the whole, when the ceramic material is just in contact with the solution, the hydroxyl group on its surface is mainly combined with metal ions to form effective chemical bonds to form adsorption effects.
It can be seen from the Figures 9a–c, the size of the electron microscope is 1 micron, it can be seen that the porous ceramic surface has fish scale pattern and step type surface. It shows that the crystalline phase of mullite is formed during the growth of ceramics. According to SEM, it can be seen from (b) that the surface of porous ceramics has a fish-scale pattern and a ladder-type surface (Jiao et al., 2023; Wei et al., 2020). It can be seen that it forms a crystalline phase, which provides a basis for computer simulation of the configuration of the adsorbed substrate.
[image: Figure 9]FIGURE 9 | (a–c) SEM image of porous ceramic surface (1 μm).
3.4 Adsorption effect of porous ceramics
3.4.1 Adsorption kinetics simulation
The quasi-first-order kinetics and quasi-second-order kinetics models are classical models for studying adsorption kinetics. The theoretical basis of the models is kinetics, which reflects the changes of adsorption rate under the influence of PH value of solution, adsorption input, modification conditions, initial concentration of solution, etc. It can be used to judge the direction of material transfer in the adsorption process and predict the reaction rate. Both models can predict the maximum adsorption amount of adsorbent in theoretical adsorption equilibrium (Equations 1, 2).
The quasi-first-order kinetic equation:
[image: image]
The quasi-second-order kinetic equation: 
[image: image]
Where qe–the adsorption amount of metal ions at theoretical adsorption equilibrium (mg/g), the adsorption amount of heavy metal ions at qt–t (mg/g), and the adsorption amount of heavy metal ions at q–the adsorption amount of heavy metal ions at adsorption equilibrium (mg/g); k1–The first-order kinetic adsorption constant (min−1) can be calculated from the slope of ln (qe-qt) and t, and k2–the second-order kinetic adsorption rate constant [mg/(g·min)] can be calculated from the intercept of Equation 2.
The adsorption capacity of multi-porous ceramics in coal gangue was measured over time. The adsorption kinetics were shown in Figures 10a,b, and the dynamic parameters were shown in Supplementary Table S6. According to the analysis of adsorption capacity and fitting kinetic parameters, it was found that the equilibrium adsorption capacities of Cu2+, Ni2+, and Co2+ in the three ion samples with the initial concentration of 100 mg/L were 8.13, 9.66, and 6.99 mg/g, which were in good agreement with the experimental values. The quasi-second-order kinetic model is more suitable to explain the kinetic behavior of porous ceramics, which shows that the adsorption of Cu2+, Ni2+, and Co2+ of multi-phase porous ceramics prepared from coal gangue is mainly chemical adsorption (Figures 10c–f).
[image: Figure 10]FIGURE 10 | (a,c,e) The fit line of the Quasi-first-order dynamics and (b,d,f) Quasi-second-order dynamics.
3.4.2 Thermodynamic simulation of adsorption
In order to better understand the adsorption process of coal gangue based multi-porous ceramic materials, Langmuir model and Freundlich model were adopted in this experiment to fit the adsorption of Cu2+, Co2+, and Ni2+ on porous ceramic materials, so as to explore the adsorption mechanism.
The experiments of Langmuir and Freundlich isothermal model fitting were analyzed according to Figure 11 and Supplementary Tables S7–S9. It can be seen that in the fitting of Langmuir simulation, the correlation coefficient (R2) is in the range of 0.9929∼0.9972, which proves that the adsorption of Cu2+, Co2+, and Ni2+ is in good agreement with the modified isotherm (Supplementary Tables S7–S9). In the fitting of Freundlich model, The R2 value of Langmuir model was higher than that of Freundlich model in the range of 0.6060 to 0.8313. In previous studies, Langmuir model was often used to fit the adsorption of heavy metal ions on adsorbents (Yao et al., 2019), biomass (Zhu et al., 2016), and graphene-based materials (Sui et al., 2020). Therefore, according to the fitting results of Langmuir model, the adsorption process of coal gangue based porous ceramic adsorption material was discussed. The adsorption process of Cu2+, Co2+, and Ni2+ on porous ceramic materials is single-layer uniform adsorption, and chemical adsorption is the main process (Guo et al., 2023). Compared with Langmuir models of different temperatures, the higher the temperature, the stronger the adsorption capacity of the material, that is, temperature rise is conducive to adsorption. In addition, at the conventional operating temperature (293 K), the KL value is between 0 and 1.0 L/g, indicating that the adsorption effect is good. In summary, at the same temperature and different initial concentration, the adsorption process is mainly homogeneous monolayer adsorption, and the temperature increases to promote the reaction.
[image: Figure 11]FIGURE 11 | (a–f) Adsorption curve temperature of Co2+, Cu2+, Ni2+.
3.5 Simulated calculation of porous ceramics performance
We simulated the adsorption of porous ceramic components with three kinds of ions under the condition of water absorption, and the process and results are as follows:
We used the DFT as implemented in the MS in all calculations. The exchange-correlation potential is described by using the generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE). The projector augmented-wave (PAW) method is employed to treat interactions between ion cores and valence electrons. The plane-wave cutoff energy was fixed to 500 eV. Given structural models were relaxed until the Hellmann–Feynman forces smaller than −0.02 eV/Å and the change in energy smaller than 10–5 eV was attained. The vacuum thickness was set to be 25 Å to minimize interlayer interactions. During the relaxation, the Brillouin zone was represented by a Γ centered k-point grid of 6 × 6 × 1. Grimme’s DFT-D3 methodology was used to describe the dispersion interactions among all the atoms in adsorption models.
The adsorption energy (Eads) of a complex formed between two molecules, A and B, can be calculated using the following equation:
[image: image]
where:
Ecomplex is the total energy of the molecular complex of A and B.
EA and EB are the total energies of isolated molecules A and B, respectively.
From the adsorption simulation (Supplementary Tables S10–S12), it can be seen that for the two main types of oxygen and aluminum in contact with the surface of porous ceramic materials, overall, the elements of metal ions tend to form valence bonds with the oxygen element on the surface of the ceramic material, which is more stable and conducive to adsorption. And the results indicate that the adsorbed ones tend to bond with oxygen or hydroxyl groups on the atomic surface rather than with aluminum in terms of reaction.
Moreover, the adsorption energy of porous ceramic materials for Ni2+ is greater than that of Cu2+ and Co2+ in all chemical energies during valence bonding. In chemical adsorption, although the chemical energies of Co2+ and Cu2+ ions in contact with different elements on the surface of porous ceramic materials vary, the overall adsorption is mainly based on the contact between oxygen elements and metal ions. Therefore, the adsorption capacity of Cu2+ is greater than that of Co2+.
In terms of physical adsorption, compared to chemical adsorption. Its adsorption energy is smaller, mainly due to van der Waals forces. Due to the minimum ionic radius of Ni2+ being 69 p.m., it is easier to come into contact with the surface of porous ceramics. Therefore, it has the highest adsorption energy and the best adsorption effect. For Cu2+, a bond length of 2.176 Å is a hexahedral octahedron with two long bonds and four short bonds. This makes it relatively easy to form chemical bonds, but less prone to physical adsorption (Figure 12).
[image: Figure 12]FIGURE 12 | (a) Silicon carbide angle viewing; (b) Mullite viewing angle; (c) Front and (d) side view.
From the simulated structure, it can be seen that Al-O-Al has a larger main bond angle and bond length, with a coordination bond number of 3 (Supplementary Table S13), resulting in a looser surface and larger pores. Compared with silicon carbide, it has better adsorption capacity. This allows for more contact between metal ions under appropriate conditions. Due to the coordination number of Si-O being 4, the pores are uneven, and the adsorption is mainly concentrated on the surface, making it difficult to enter interlayer reactions.
4 CONCLUSION
In conclusion, we proposed novel coal gangue-based multiphase porous ceramic for high performance heavy metal cations removal adsorbent. Benefitting from the unique porous structure and chemical group, the coal gangue-based multiphase porous ceramic adsorbent exhibits outstanding performance of the removal of Cu2+, Co2+, and Ni2+ from wastewater. Furthermore, the microstructure and chemical composition have been revealed by several characterizations. Besides, the structure-function relationship between various reaction conditions and adsorption performance and the microstructure of adsorbent has been researched. Of note, the adsorption mechanism of complex porous ceramics on Cu2+, Co2+, and Ni2+ has been explored by simulated calculation. This coal gangue-based adsorbent and corresponding design strategy may shed light on development of effective and low-cost adsorbent for treatment of wastewater.
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