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Abstract: The large accumulation of coal gangue, a common industrial solid waste, causes severe environmental problems, and green development strategies are required to transform this waste into high-value-added products. In this study, low-cost ceramsites adsorbents were prepared from waste gangue, silt coal, and peanut shells and applied to remove the organic dye methylene blue from wastewater. We investigated the microstructure of ceramsites and the effects of the sintering atmosphere, sintering temperature, and solution pH on their adsorption performance. The ceramsites sintered at 800°C under a nitrogen atmosphere exhibited the largest three-dimensional-interconnected hierarchical porous structure among the prepared ceramsites; further, it exhibited the highest methylene blue adsorption performance, with an adsorption capacity of 0.954 mg·g−1, adsorption efficiency of over 95%, and adsorption equilibrium time of 1 h at a solution pH of 9. The removal efficiency remained greater than 75% after five adsorption cycles. The adsorption kinetics data were analyzed using various models, including the pseudo-second-order kinetic model and Langmuir equation, and the adsorption was attributed to electrostatic interactions between the dyes and ceramsites, n-interactions, and hydrogen bonds. The prepared coal gangue ceramsites exhibited excellent adsorption capacities, removal rates, and cyclic stabilities, demonstrating their promising application prospects for the comprehensive utilization of solid waste and for wastewater treatment.
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1  Introduction

The generation of industrial solid waste has increased significantly owing to rising global industrialization. Comprehensively promoting the recycling of solid waste is an urgent requirement for green and sustainable development. Coal gangue is an industrial solid waste generated during coal mining and washing. According to a survey, approximately 60 billion tons of coal gangue are currently accumulated, and this amount is increasing at a rate of approximately 300 million tons per year [1,2]. In addition to occupying land resources, coal gangue buildup promotes spontaneous combustion and pollutes the atmosphere, seriously harming the environment and human health [3–5]. Therefore, many countries are concerned about reducing the accumulation of coal gangue and increasing its rate of utilization [6–8]. Currently, the majority of coal gangue is used for land reclamation or for producing concrete, bricks, and cement. Gao et al. [9] analyzed the mechanical properties and durability of coal gangue concrete and its components. Zhou et al. [10] and Wu et al. [11] produced all-solid waste-based permeable bricks through a pressing–sintering process. However, additional innovative applications of coal gangue are required.

Coal gangue can be used as a raw material for ceramics because it mostly comprises SiO2 and Al2O3, which fulfill the requirements for preparing ceramics [12,13]. Owing to their low heat conductivity, high porosity, large specific surface area, low bulk density, and stable chemical and physical properties, porous ceramics have been extensively studied for various applications [14]. The pore-forming agent method is widely used in the preparation of porous ceramics because of its simple preparation conditions, low cost, and relative environmental protection [15,16]. Xu et al. [17] used coal gangue, coal slime, and coconut palm fibers as raw materials to fabricate porous ceramics with a porosity of 66.930%, volume density of 1.033 g·cm−3, compressive strength of 1.103 MPa, and thermal conductivity of 0.392 W·m−1·K−1. Using a solid-phase sintering process, Hao et al. [18] fabricated a low-density ceramic proppant using calcined flint clay (45.6 wt% Al2O3) and solid-waste coal gangue. Sintering at 1400°C produced the best performing proppant with a bulk density of 1.270 g·cm−3, an apparent density of 2.790 g·cm−3, and breakage ratios of 3.270% and 8.360% at closed pressures of 35 and 52 MPa, respectively.

Organic dyes are used in numerous consumer products; for example, methylene blue (MB) and methyl orange are frequently used for dyeing textiles [19]. However, organic dye wastewater is harmful to aquatic life and humans. Organic dyes have been removed from wastewater using a variety of physicochemical techniques such as ion exchange, solvent extraction, electrochemical methods, adsorption, and photocatalysis [20–22]. Among these methods, adsorption is an effective technique for the treatment of organic wastewater. Recently, researchers prepared gangue-based adsorbents by exploiting the unique structure of gangue. Mohammadi et al. [23] modified coal gangue with iron oxide; the adsorption capacities of the modified coal gangue composite for Zn2+ and Mn2+ were 42.100 and 30.120 mg·g−1, respectively. Shang et al. [24] modified coal gangue with trimethoxysilane to adsorb Cd-(II), Hg-(II), and Pb-(II) from industrial waste. Xiong et al. [25] used zirconia-modified coal gangue to adsorb phenols and phosphates. Zhou et al. [26] created porous ceramic microspheres from waste gangue using a spray-drying technique and studied the adsorption kinetics, adsorption isotherms, and the effect of solution pH. The removal rates of the cationic red X-5GN and cationic blue X-GRR dyes were 1.044 and 2.170 mg·g−1, respectively. Yan et al. [27] prepared low-cost porous ceramic microspheres from waste gangue via simple spray drying and subsequent calcination. A 20 g·L−1 dose of microspheres calcined at 800°C removed 100% and 99.9% of MB and basic fuchsin, respectively, from wastewater. Chemically modifying gangue can increase the adsorption performance; however, modification is costly, and the chemical reagents can pollute the environment. Moreover, although the cost of porous ceramic microspheres is low, their pore structure and adsorption performance are limited, and they cannot be recovered after the adsorption test. Therefore, developing an absorbent that is low in cost, has high removal efficiency, and is easy to recover is critical.

In this study, porous ceramsites adsorbents were prepared from coal gangue and silt coal, using peanut shells as the pore-forming agent. No chemical modification of the ceramsites was required. The effects of the sintering atmosphere, sintering temperature, and pH level on the adsorption of organic dyes onto the porous ceramsites were systematically examined. The primary adsorption mechanisms were studied using adsorption kinetics, thermodynamics, and isothermal diagrams. A cyclic adsorption test was performed to demonstrate the practicability of the ceramsites. The use of peanut shells in the experiment not only provided a novel method for the treatment of agricultural waste but also increased the porosity of ceramsites, provided biochar, and enhanced its adsorption capacity.

2  Experimental

2.1 Materials

Raw coal gangue and silt coal were obtained from the Shendong mining area in Yulin City, Shaanxi Province, China. MB was supplied by Sinopharm Chemical Reagent Co., Ltd. (China). The MB concentration was determined from the linear relationship between the absorbance at 667 nm and the MB dye concentration: 
y=0.167x+0.026
. The peanut shells were collected from local sources. Deionized water was used throughout the experimental processes.

The elemental compositions of the raw materials were determined using an X-ray fluorescence spectrometer, and the results are displayed in Table 1. The coal gangue primarily comprised SiO2, Al2O3, and Fe2O3 and was used to prepare the ceramic materials. The silt coal was used as the adhesive.
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2.2 Preparation of Ceramic Adsorbents

The coal gangue porous ceramsites had been prepared by using a pore-forming agent and sintering; the fabrication procedure is shown in Fig. 1. First, the coal gangue and silt coal were ball-milled to fine powders with particle sizes of less than 0.075 mm (200 mesh). The coal gangue porous ceramsites were then prepared by mechanically mixing coal gangue powder, silt coal powder as the adhesive (10 wt%), peanut shell powder (10 wt%), and deionized water (15 wt%–20 wt%) for 2 h and aging for 24 h. Subsequently, the mixture was formed into balls (diameter [Φ]: 2–5 mm) using a granulating machine (QLC400-II, Chuzhou Huaye Electromechanical Co., China), and the samples were dried for 4 h in an oven at 100°C. Finally, the samples were sintered at 800°C, 900°C, or 1000°C in a tube furnace (GSL-1100X-S, Hefei Kejing Materials Technology Co., China) at a heating rate of 5°C·min−1 in an air or nitrogen atmosphere. The temperature was maintained for 2 h, followed by cooling to room temperature to form porous ceramsites. This method is suitable for the mass production of porous ceramsites.
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Figure 1: The preparation process of porous ceramsites

2.3 Characterization

An X-ray fluorescence spectrometer was used to determine the chemical composition of the raw coal gangue and silt coal powder (XRF; SPECTRO MIDEX, SPECTRO Analytical Instruments GmbH, Germany). The phase compositions of the samples were examined using an X-ray powder diffractometer (XRD; XRD-6100X, Shimadzu Corporation, Japan). The functional groups of the adsorbents were examined both before and after the adsorption of organic dyes using a Fourier-transform infrared spectrometer (FT-IR; Nicolet IS5, Thermo Fisher Scientific, USA) in the 400–4000 cm−1 wavelength range. The surface appearance and microstructure of the materials were observed using a field-emission scanning electron microscope (FE-SEM; S-4800, Hitachi Corporation, Japan). The porosities of the samples were measured using the Archimedes method.

2.4 Adsorption Experiments

The effects of the sintering atmosphere, sintering temperature, and dyeing agent pH on the MB removal efficiency were investigated using adsorption tests. The absorbent (1 g) was added to a 20 mg·L−1 MB solution (50 mL) and magnetically stirred at 300 rpm for 1–5 h.

At 30-min intervals, samples of the supernatant were collected. After centrifugation, the solution concentration was calculated from the absorbance measured at 664 nm using an ultraviolet spectrophotometer [28]. The adsorption capacity and removal efficiency of the gangue ceramics for MB were calculated using Eqs. (1) and (2), respectively.


qt=(C0−Ct)Vm
(1)


η=(C0−Ct)C0×100%
(2)

where qt (mg·g−1) is the adsorbed amount at time t, C0 (mg·L−1) is the initial concentration of the dye, Ct (mg·L−1) is the concentration of the dye at time t, V (L) is the volume of the dye solution, m (g) is the dosage of the gangue adsorbent, and η (%) is the dye removal efficiency.

2.5 Adsorbent Regeneration Experiments

Based on the adsorption experiments, only the ceramsites sample with the highest adsorption capacity was used for the regeneration tests. The saturated adsorbent was dried and heated for 2 h at 500°C to induce MB decomposition. The samples were then reused for adsorption. Five regeneration cycles were performed.

2.6 Characterization of Coal Gangue Porous Ceramsites

Fig. 2 shows the XRD patterns of the coal gangue porous ceramsites. Quartz (SiO2; JCPDS Card 46-1045) and kaolinite (Al4Si4O10(OH)8; JCPDS Card 14-0164) were the two major phases in coal gangue, as shown in Fig. 2a. It also contained illite ((KH3O)Al2Si3AlO10(OH)2, JCPDS Card 02–0056). The phase of the coal gangue porous ceramsites was not noticeably altered as the sintering temperature increased from 800°C to 900°C. The kaolinite in the gangue decomposed above 500°C to produce amorphous metamorphic kaolin (Al2O3·2SiO2); however, after increasing the sintering temperature from 900°C to 1000°C, the metakaolin transformed into crystallized mullite, namely, 3(Al2O3·2SiO2) → 3Al2O3·2SiO2 + 4SiO2. At this stage, a portion of the SiO2 exhibited an amorphous crystal structure, as indicated by the corresponding decrease in the intensity of the crystalline silica diffraction peak [17]. The phase structure of the nitrogen-sintered ceramsites was similar to that of the air-sintered ceramsites, as shown in Fig. 2b.
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Figure 2: XRD pattern of porous ceramsites. (a) Sintering in air and (b) in nitrogen; (c) FTIR spectrum of ceramsites adsorbent, (d) effect of temperature on porosity

The FT-IR spectra of the coal gangue ceramsites are shown in Fig. 2c. The bands at 3436 and 1633 cm−1 were assigned to the stretching and bending vibrations of surface–OH groups or water [29]. The 1076, 790, and 489 cm−1 peaks were attributed to the symmetric and antisymmetric Si–O–Si stretching vibrations, and the 559 cm−1 peak corresponded to the stretching vibration of Si–O–Al. Gangue ceramics contain many SiO2 and Al2O3 tetrahedra and, because the silicon–oxygen bond is stronger than the aluminum–oxygen bond, the silico-aluminum isomorphous substitution may occur. The Si–O– exhibits a constant structural negative charge, which could encourage contact with the cationic dyes and improve the adsorption of cationic compounds by the ceramsites [27,30]. The various functional groups in the ceramsites provide many active sites, thus enhancing the adsorption performance.

The porosity of the ceramsites was significantly affected by the sintering temperature. As shown in Fig. 2d, the porosity declined linearly with increasing sintering temperature. This may be because low-melting-point glass phases were produced; however, the primary reason was that linear shrinkage increased with increasing sintering temperature, decreasing porosity [31,32].

The interior three-dimensional (3D) porous microstructure of the ceramsites after sintering is shown in Fig. 3. The visible microscopic pores on the ceramsites surface acted as diffusion pathways for the adsorbates, improving the adsorption capacity. The microstructure of the ceramsites interior was extremely porous and as the sintering temperature increased, the interior became smooth. Furthermore, the inner part of the ceramsites retained the lamellar structure of kaolin, which agreed well with the XRD results. The nitrogen-sintered samples exhibited enhanced surface roughness compared to the air-sintered samples, although the difference was insignificant. Furthermore, numerous ultrafine particles were attached to the ceramsites; however, whether these were biological carbon particles was unclear.
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Figure 3: Cross sections of coal gangue ceramsites after treated at (a) 800°C, (b) 1000°C, (c) sintering in air, (d) sintering in nitrogen

2.7 Adsorption Properties

The sintering temperature of the ceramsites had a significant impact on MB adsorption, as illustrated in Figs. 4a and 4b. Compared to the ceramsites sintered at higher temperatures (900°C and 1000°C), the ceramsites sintered at 800°C exhibited enhanced adsorption properties and removal efficiency. The SEM images showed that as the sintering temperature increased, the porosity gradually decreased, the surface became smooth, and some components in the ceramsites melted, resulting in a liquid phase blocking the pores. This reduced the number of active sites, thus leading to a decrease in adsorption performance.
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Figure 4: Effect of sinter temperature on MB adsorption performance and removal effectiveness. (a) Sintering in air and (b) in nitrogen; The ability of ceramsites to adsorb MB is affected by pH value. (c) Sintering in air, (d) sintering in nitrogen

When the ceramsites were sintered in nitrogen instead of air, the adsorption performance and efficiency were enhanced because the peanut shells acted as a pore-forming agent and carbonized to generate biochar during nitrogen sintering. The hydroxyl groups on the surface of the carbon materials in the ceramsites served as active sites for chemical adsorption, thus improving the adsorption performance. The most notable improvement was observed for the ceramsites sintered at 900°C and 1000°C, which agreed well with the XRD and SEM results.

The pH of a solution affects the surface charge of the adsorbents; therefore, the pH of the organic dye is an important factor that influences the adsorption properties [33]. Figs. 4c and 4d show the effect of the waste liquid pH on the adsorption effectiveness. The highest MB adsorption efficiency was observed at a pH of ~9 under ambient experimental conditions, owing to the electrostatic interactions between the positively charged cationic dyes and negatively charged anionic ceramsites. When the pH exceeded 9, the solution hydroxyl ions reacted with the ceramsites cations and occupied the active sites, which reduced the dye removal rate [34]. Because the biochar provided more active sites, the dye removal rate of the nitrogen-sintered ceramsites was higher than that of the air-sintered ceramsites.

2.8 Adsorption Kinetics and Isotherms

To further examine the adsorption process, the MB adsorption data were fitted to the pseudo-first-order, pseudo-second-order, intraparticle diffusion, and Elovich kinetic models [35]. The various fitted curves are shown in Figs. 5a–5d, and the fitting results are listed in Table 2. When the adsorption process reaches an equilibrium state, the adsorption isotherm, which depicts the distribution of the adsorbed molecules between the liquid and solid phases, can be used to assess the adsorption performance of a material. The MB adsorption isotherms of the ceramsites are shown in Figs. 5e and 5f. Two distinct isotherm models, Langmuir and Freundlich, were examined, 
where t (min) is the adsorption time, qe (mg·g−1) and qt (mg·g−1) are the adsorption capabilities of the ceramsites at time t and equilibrium, respectively, k1 (min−1) and k2 (mg−1·g−1·min−1) are the corresponding pseudo-first-order and second-order kinetic rate constants, respectively. ki (mg·g−1·min−0.5) is the boundary layer constant and C (mg·g−1) is the intraparticle diffusion rate constant, which reflects the thickness of the boundary layer. α (mg·g−1·min−1) is the initial adsorption rate of the Elovich model, and β (g·mg−1) is the Elovich model constant. ce (mg L−1) is the equilibrium concentration of the adsorbate in solution, qe (mg·g−1) and qmax (mg·g−1) are the adsorption capacities at equilibrium and the maximum monolayer adsorption capacities, respectively, KL (L·mg−1) and KF (L·mg−1) are the Langmuir and Freundlich constants, respectively, which represent the adsorption energy, and n is the Freundlich intensity factor.
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Figure 5: Kinetic fits for MB adsorption. (a) Pseudo-first-order, (b) pseudo-second-order, (c) intra-particle diffusion and (d) elovich model; Isotherms fits for MB adsorption. (e) Langmuir, (f) freundlich
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The pseudo-second-order kinetics model fitting had the highest R2 value among the various models, indicating that this model better reflected the process of MB adsorption by the ceramsites. This suggested that the adsorption process was chemical in nature and was primarily governed by electrostatic contact and electron transfer between the adsorbent and adsorbate [36]. In addition, the adsorption data were well fitted by the intraparticle diffusion model. The adsorption curves indicated that there were two steps in the adsorption process. (I) Instantaneous adsorption stage: the “liquid membrane” above the ceramsites surface allowed MB molecules in the solution to reach the surface. (II) Internal diffusion stage: The inner composition and pore size of the ceramsites were the main limiting factors. The R2 of the internal diffusion model for sintering in nitrogen was closer to 1 than that of sintering in air (Table 2). This may be because the peanut shell biochar produced during sintering in nitrogen affected the internal structure and pore characteristics of the ceramsites. Internal diffusion was not the only regulating element, as indicated by the linear trend that did not pass through the origin [37,38].

The parameters for the fitting of the adsorption isotherm results are listed in Table 3. The sorption of the air-sintered ceramsites shown in Fig. 5e was better fitted to the Langmuir isotherm (R2 = 0.964). Monolayer adsorption accounted for the majority of MB adsorption on the ceramsites. In nitrogen-sintered systems, the Freundlich and Langmuir isotherms adequately described the adsorption, with R2 values of 0.959 and 0.970, respectively, indicating that multilayer adsorption may occur based on monolayer adsorption [39]. The maximum adsorption capacities of the two adsorbents were 1.492 and 1.974 mg∙g−1, respectively.
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As shown in Table 4, in order to check the adsorption capacity of competitive adsorbents for organic dyes, the adsorption capacity of the gangue-based porous ceramsite synthesized in this study was compared with that of different gangue-based materials and other organic dyes adsorbents reported in the literature. The organic dye adsorption capacity of the synthesized gangue-based porous ceramsites sieve was similar to or exceeded that of other adsorbents reported in the literature. An additional benefit of our material is the ease of recycling after adsorption.
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2.9 Adsorption Mechanism and Recyclability

Recycling spent adsorbents must be considered while assessing their quality and cost. Because organic dyes can be easily decomposed in kaolinite at high temperatures, cyclic testing was performed by calcining the ceramsites at 500°C for 2 h to remove the organic dyes.

Fig. 6a shows that the ceramsites adsorption still performed well, and the removal efficiency remained greater than 75% after five adsorption cycles. This demonstrates that the ceramsites adsorbent can be reused for several MB adsorption cycles, which is a significant advantage over powdered adsorbents. However, a slight reduction in adsorption capacity was observed after multiple cycles because multiple calcinations of ceramsites can alter the functional groups and lead to pore collapse, which reduces the number of active sites and specific surface area, and eventually lowers the adsorption ability of the adsorbent. Both types of ceramsites exhibit excellent cyclic regeneration and provide significant economic benefits.
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Figure 6: (a) Regeneration properties of the ceramsites and (b) FTIR spectra of the ceramsites before, after MB adsorption, (c) adsorption mechanism

As shown in Fig. 6b, significant differences were observed in the FT-IR spectra of the ceramsites before and after adsorption of MB. The bands centered at 2925 and 2853 cm−1 corresponded to the stretching vibrations of aromatic rings, and those at 1410 cm−1 corresponded to the bending vibration of methylene, clearly indicating MB adsorption [44].

The basic characterization of the ceramsites, adsorption performance tests, and isothermal and kinetic model-fitting results was used to determine the probable adsorption mechanism depicted in Fig. 6c. The ceramsites surface contains many adsorption sites, including silico-aluminum groups and hydroxyl (–OH) groups on the mineral edges that provide surface negative charges that interact with the dyes. In addition, the O lone-pair electrons delocalize into the π orbitals of the dye aromatic rings to form n-π bonds, and the H of the surface hydroxyl groups forms an H-bond with the N in the MB dye structure [45,46]. Furthermore, the nitrogen-sintered ceramsites contain biocarbon, which can provide abundant functional groups (C–H, C=C, C=O, and C–C) that bind to MB to improve the adsorption performance [47,48].

3  Conclusions

In this study, highly porous ceramsites were fabricated using peanut shells, coal gangue, and coal slime. The following conclusions were obtained:

1.    The 3D-interconnected porous structure of the ceramsites provided more active sites that benefited the attachment of the adsorbate. Therefore, compared with sintering in air, the MB removal efficiency was improved when the ceramsites were sintered in nitrogen, with increased removal efficiencies observed for ceramsites sintered at low temperatures. The maximum adsorption capacity and removal efficiency of 0.954 mg∙g−1 and 96%, respectively, were observed at a sintering temperature of 800°C.

2.    MB adsorption onto ceramsites followed the pseudo-second-order kinetic model and the Langmuir equation. The primary adsorption process involves hydrogen bonding and electrostatic interactions between the dyes and ceramsites. The removal efficiency remained greater than 75% after five adsorption cycles.

3.    This research offers a new application for coal gangue and silt coal and an effective method to remove organic dyes from wastewater. In addition, the dye-adsorbed ceramsites can be used as ceramic waste, which is an advantage over powdered adsorbents. However, to reduce secondary pollution, the leachability of ceramsites adsorbents must be reduced, which will be the focus of future studies.
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Table 1: The chemical composition of raw materials (mass fraction, %)

Materials S10, Al,Os Fe,O5 CaO K5O Na,O MgO Loss on 1gnition

Coal gangue 52.86 17.94 4.69 1.69 2.62 1.88 1.62 16.70
Silt coal 58.43 23.65 4.58 3.78 2.88 1.93 1.45 3.30
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Table 3: Isotherm parameters for the adsorption of MB by the ceramsites

Parameters In air In nitrogen
Langmuir 1sotherm k; (L'mg ") 1.322 1.645

Qunax (Mg ) 1.492 1.974

R® 0.964 0.959
Freundlich isotherm ke (L'mg ) 0.837 1.046

I/m 0.384 0.389

R® 0.937 0.970
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Table 4: Comparison of dyes adsorption capacity of different adsorbents

Adsorbents Dye Qunax (ME'g ™) Reference
Gangue ceramic microbeads Cationic blue X-GRRL 0.918 [26]
Modified pumice stone Methylene blue 15.870 40]
Moroccan 1llite Methylene blue 13.600 [41]
/ZFA/HZ Methylene blue 45.090 (42 ]
Kenaf fiber char Methylene blue 22.700 [43]

Gangue-based ceramsites Methylene blue 0.954 Present work
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Table 2: Kinetics model fitting parameters for the adsorption of MB by the ceramsites

Parameters In air In nitrogen
Pseudo-first-order k; (min™) 0.013 0.014
9o (mgrg ) 0.377 0.235
R? 0.983 0.930
Pseudo-second-order k, (mg g ''min~"! 0.062 0.112
qe (mgrg ) 0.977 0.982
R? 0.997 0.999
Intraparticle diffusion K 0.379 0.028
K; 0.010 0.009
C, 0.694 0.793
C, 0.660 0.826
R, 0.966 0.946
R,? 0.898 0.919
Elovich o 1.356 29.211
B 8.609 11.918
R? 0.976 0.970
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