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Abstract

:

Non-biodegradable copper (Cu) and lead (Pb) contaminants in water are highly toxic and have series adverse effects. Therefore, it is very important to extract heavy metals from wastewater before it is discharged into the environment. Adsorption is a cost-effective alternative method for wastewater treatment. Choosing a low-cost adsorbent can help reduce the cost of adsorption. In this study, conversion of reside after extracting aluminum (REA) produced by sub-molten salt method transform high-alumina coal fly ash (CFA) into 11Å-tobermorite to adsorb Cu(II) and Pb(II) from aqueous solutions at room temperature. The synthesis of the adsorbent was confirmed using scanning electron microscope (SEM), X-ray diffractometer (XRD) and Brunauer–Emmett–Teller (BET) method surface analysis. To study the adsorption characteristics, factors such as initial Cu(II) and Pb(II) concentration, pH, contact time, adsorption characteristics and temperature were investigated in batch mode. The maximum adsorption capacity of Cu(II) and Pb(II) was 177.1 mg·g−1 and 176.2 mg·g−1, respectively. The Langmuir adsorption model was employed to better describe the isothermal adsorption behavior and confirm the monolayer adsorption phenomenon. The pseudo-second-order kinetic model was used to highlight Cu(II) and Pb(II) adsorption kinetics. Thermodynamic analysis indicated the removal Cu(II) and Pb(II) by TA-adsorbent was a nonspontaneous and exothermic reaction. The obtained results are of great significance to the conversion of industrial waste to low-cost adsorbent for Cu(II) and Pb(II) removal from water.
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1. Introduction


Water pollution is a major problem humankind faces today [1], large-scale wastewater is inevitable generated by industrial and economic development and places a lot of strain on ecosystem [2,3]. Heavy metals have been recognized as highly toxic contaminants owing to their highly pathogenic and bioaccumulation throughout the food chain [4]. Among the heavy metals, copper (Cu(II)) and lead (Pb(II)) are of particular interest as they are extensively produced in human activities and have been released into the aquatic environment [5,6]. According to the values announced by the World Health organization (WTO) and Environmental Protection Agency (EPA), the maximum permissible limits of Cu(II) and Pb(II) in drinking water are 1 mg·L−1 [7] and 0.05 mg·L−1 [8], respectively. Once these metals are ingested beyond the maximum permissible limits, they may result in mutagenic and carcinogenic effects could cause further damage to multiple systems and organs of the human body, or even death [9]. Nowadays, remediate Cu(II) and Pb(II) contaminated water has been developed by various techniques, such as chemical precipitation, flocculation, ion exchange, membrane technology and permeable reactive barriers (PRBs) [10], among them, adsorption has low initial capital and maintenance costs and applicable to many technologies [11].



Over the last decade, many studies have focused on utilization of unique Coal fly ash (CFA) distribution in northern Shanxi and western part of Inner Mongolia China as the potential substituted resource of bauxite for the alumina industry, because it contains 40-50% alumina [12,13,14,15]. Among these efforts, the hydro-chemical process has emerged as a more promising alternative [16]. the process was first proposed by researchers in the former Soviet Union, which is believed to be an effective method for “Al-rich” waste product, such as red mud (RM) [17], high-alumina coal fly ash (HAFA) [12] and low-grade bauxite. During the process, the silicon-bearing components react with the slaked lime to generate a new crystal phase (NaCaHSiO4) and enter the solid phase, where alumina is extracted from HAFA under high temperature and pressure. Sun proposed a mild hydro-chemical process for the extraction of alumina from HAFA [18]. The alumina extraction efficiency reached above 90% under optimal conditions. However, it is known that NaCaHSiO4 exhibits strong alkalinity and can potentially damage agricultural land and groundwater if not appropriately treatment [18]. Previous studies have indicated that NaCaHSiO4 is easily digested and converted to tobermorite adsorbent (TA) in diluted alkaline solution [19,20]. Additionally, the physiochemical properties of TA make it a potential adsorbent.



Tobermorite is a layer-lattice calcium silicate hydrate mineral, which consists of infinite layers of Ca-O polyhedra, with wollastonite-type silicate chains condensed on both sides of Ca-O polyhedra [21]. Three different individual tobermorite (14 Å, 11 Å and 9 Å tobermorite) can be defined owing to their c-axis length [22], among these, 11Å-tobermorite is structurally stable at ambient temperature and the most important mineral of the tobermorite family. Apart from their widespread application in the building materials and refractory materials, tobermorite is nowadays extensively applied in organic or inorganic effluent treatment due to its high specific surface area and ion-exchange capacity [23]. In previous studies, 11Å-tobermorite has been synthesized from pure chemical sources. If industrial wastes serve as the sources of calcium or silicon, the synthesis cost of TA can be further reduced. Herein, alumina-extracted residue (AER) from the mild hydro-chemical process, whose principal crystalline constituents were NaCaHSiO4, was used to synthesize 11Å-TA via hydrothermal method. Different Ca/Si molar ratio, hydrothermal temperature and time were designed as the modification parameters. Furthermore, prepared 11Å-TA was applied to Cu(II) and Pb(II) removal from water solutions, where the removal mechanism and kinetics of Cu(II) and Pb(II) were studied in detail. This work not only reduces the cost of Cu(II) and Pb(II) removal but also ameliorates issues related to solid waste disposal.




2. Materials and Methods


2.1. Raw Materials


AER obtained using hydrothermal process from high-alumina coal fly ash (HCFA) (collected from the Inner Mongolia Da Tang Thermal power plant, Hohhot, China ). The operation conditions of AER synthesis were previously reported [24]. X-ray fluorescence (XRF, PANalytical, Eindhoven, Netherlands) was used to determine the chemical composition of AER, (Table 1), where SiO2 content was 35.57% and Na2O content was 17.91%. Therefore, the high alkalinity of AER without treatment generates environmental pollution. In contrast, exhibits AER potential recycling value for the recovery of alkali, and is a source of silicon and calcium. AER also contains trace quantities of various metal oxides such as Fe2O3, Al2O3, TiO2 and MgO. Scanning electron microscope (SEM) analysis of AER is shown in Figure 1a. X-ray diffractometer (XRD) pattern of AER (Figure 1b) shows that the main phases correspond to NaCaHSiO4 and Ca(OH)2. The remaining chemical reagents (analytical grade) were supplied by KULONG Chemical Reagent Co. Ltd. (Chengdu, China). Deionized water was used in all experiments.




2.2. Preparation of Adsorbents


11Å-TA from AER was synthesized by hydrothermal synthesis, where AER was sufficiently alkaline to effect the decomposition of itself without addition of a strongly basic reaction medium. AER molar ratio Ca/Si was approx 1.1 (Table 1). However, the optimal molar ratio of Ca/Si was 0.83, which was calculated from the ideal composition of 11Å-TA (5CaO·6SiO2·5H2O). Hence, the molar ratio of Ca/Si was adjusted by mix ratio of fumed silica and AER, which also allowed to study the effect of different mix mass ratio of fumed silica and AER on the hydrothermal product, with the designed molar ratio of Ca/Si was being 0.8–1.1. In all batches, the liquid-solid ratio was 25 mL·g−1. The slurry was transferred to a 100 mL polytetrafluoroethylene (PTFE)-lined Ni steel autoclave after mixing, the autoclave was sealed and finally placed in an oven (WGZ-9040, ever briGht medical treatment instrument Co. Ltd., Beijing, China) to conduct hydrothermal experiments, which were performed over specific times at different temperatures. The overall reaction conditions are summarized in Table 2. When the hydrothermal process was finished, the products were filtered after cooling to room temperature and washing to neutral pH. The synthesized samples were collected and dried at 103 °C to constant weight for characterization.




2.3. Adsorption Batch Tests


In order to explore the adsorption and potential of synthetic 11Å-(TA) to remove Cu(II) or Pb(II), gradient solutions of metal ions between 200 mg·L−1 and 2000 mg·L−1 were prepared by subsequent dilution of the stock solutions using deionized water. The stock solution (4000 mg·L−1) of Cu(II) and Pb(II) ions were prepared by dissolving CuSO4·5H2O and Pb(NO3)2 in deionized water, respectively. According to the solubility product principle, in view of the difference between Ksp[Pb(OH)2] (25 °C) and Ksp[Cu(OH)2] (25 °C), Cu(II) and Pb(II) began to precipitate at approx pH 5.3 and 6.6, respectively [25]. Therefore, the initial pH value of Cu(II) and Pb(II) solution were adjusted to 5.0 in the subsequent experiment using dilute HNO3 (0.1 M) and NaOH (0.1 M) solutions.



A batch equilibrium method was applied to the removal experiments. Typically, 0.1 g of TA was added into a 100 mL centrifuge tube. Then, 25 mL of simulated contaminated water (Cu(II) or Pb(II)) was added and the tube was subjected to a thermostatic oscillator (SHA-B, LiChen Co. Ltd., Shanghai, China) at 200 rpm for 12 h at room temperature (25 ± 2 °C). After adsorption, the slurry was centrifuged for 180 s at 6000 rpm. Liquid supernatant was withdrawn using an injection syringe (25 mL, Kelun Co. Ltd., Chengdu, China) and then filtered through a 0.45 μm polyethersulfone membrane filter (JinTeng Co. Ltd., Tianjin, China). Then filtrate was immediately diluted 10 times with distilled water. The amount of metal cations was determined using an inductively coupled plasma mass spectrometer (ICP, ICAP6500, Thermo Fisher Scientific, Waltham, MA, USA). To determine the amount of Cu(II) and Pb(II) absorbed on TA, the following equations were used:


   q e  =   (  C 0     - C   e  ) × V  M   



(1)






  % Removal =   (  C 0  -  C e  )    C 0    × 100  



(2)




where qe is the adsorption capacity of absorbent for heavy metal ions (mg·L−1); C0 is the initial concentration of the heavy metal ions (mg·L−1) and Ce is the equilibrium concentration of heavy metal ions (mg·L−1); V and m are the volume of solution (L) and the mass of the dry adsorbent (g), respectively. All glass and plastic containers in the experiment were soaked in 0.5 M nitric acid solution for 24 h and then washed repeatedly with distilled water and dried under 70 °C.



In order to observe the effect of contact time on the adsorption of heavy metals on the obtained TA, all experiments were performed with 0.1g of TA suspended in 25 mL of Cu(II) (1000 mg·L−1) or Pb(II) (1000 mg·L−1) solutions at initial pH 5.0 ± 0.1. The effect of contact time on the adsorption rate were carried out by performing the adsorption experiments at pre-determined time intervals (5, 20, 40, 60, 90, 120, 180, 240, 300 and 360 min). The samples were collected at various intervals of time in order to monitor the reaction in kinetics.



To test the effects of solution pH on the adsorption of heavy metals on TA, 0.1 g TA was added to 25 mL of 200 mg·L−1 Cu(II) or Pb(II) solution at pH 1.0–6.0. pH values of the solutions were measured using a pH meter (PHS-3C, INESA scientific instrument Co. Ltd., Shanghai, China). The residual heavy metal concentration in the upper clear liquid was detected by ICP.




2.4. Characterization Techniques


The crystal structures were determined using X-ray diffractometer (XRD, Ultima IV, Rigaku Co. Ltd., Tokyo, Japan) with a Cu Kα radiation (λ = 0.154 187 nm) operation at 40 kV and 40 mA. 2θ scans were performed from 3° to 80° at a rate of 15°·min−1. The chemical compositions were analyzed using X-ray fluorescence analyzer spectrometer (XRF, PANalytical, Eindhoven, The Netherlands). The specific surface area of the obtained material was measured using surface area analyzer (Autosorb-iQ, Quantachrome, Boynton Beach, FL, USA) and evaluated by measuring the isothermal adsorption of N2 based on the single-point Brunauer–Emmett–Teller (BET) method. The microstructural development and chemical characteristics of samples were studied using a scanning electron microscope (SEM, Zeiss Instruments, Oberkochen, Germany) equipped with energy dispersive spectroscopy (EDS, Oxford, UK). The zeta potentials of the obtained TA adsorbent were conducted by Nano zeta sizer (Zs90, Malvern Instruments, Malvern, UK) in electrophoretic light scattering mode. The concentration of the metal ions in solution was measured via an inductively coupled plasma mass spectrometer (ICP, Thermo Fisher Scientific Co. Ltd., Waltham, MA, USA).





3. Results and Discussion


3.1. Characterization of TA from AER


Powder XRD studies were conducted on the materials obtained with increasing Ca/Si molar ratio at 160 °C (Figure 2). XRD patterns of To-1, To-2, To-3, To-4 and AER were the same except for the peaks height ratio, hence, NaCaHSiO4 from AER failed to effectively dissolve and form the calcium silicate hydrate gel (C-S-H) and crystallize to 11Å-TA. The effect of varying reaction temperature from 160 °C to 200 °C was investigated with Ca/Si molar ratio of 1 and treatment time of 12 h (Figure 3). XRD patterns of the samples after hydrothermal reaction in different temperature show a clear decrease in peak intensity corresponding to NaCaHSiO4 and Ca(OH)2 phases, which almost disappear at higher temperature (200 °C), while 11Å-TA had greater intensity in the main reflections of 7.61°, 5.46° and 28.91°(2θ) and Ca3Al2O6 was more clear in the main reflections of 33.13° and 47.72° (2θ). Furthermore, attempted synthesize of 11Å-TA at lower hydrothermal temperature was also carried out for comparison. XRD pattern of To-3 was comparable to that of To-7, and the peak intensities of NaCaHSiO4 remained almost unchanged, indicating that NaCaHSiO4 was stable under hydrothermal temperature of 180 °C. It was also observed that hydrothermal temperature played a major role in the dissolution of Si4+ species present in NaCaHSiO4 matrix of AER.



XRD patterns of products obtained from the hydrothermal reaction with various Ca/Si molar ratio at 200 °C are shown in Figure 4. The hydrothermal time was fixed at 12 h. The observed peaks of main phases in ARE fully disappeared. Si and Ca were all dissolved and completely used for new mineral formation. All samples show characteristics peaks of 11Å-TA. This highlights the possibility of crystallization of the material over a wider Ca/Si molar ratio range. When the ratio was 0.8, the crystal phases in the product were mainly 11Å-TA, with quartz and analcime detectable only in trace amounts. According to a primitive inference from Hsiao [26], the presence of Na+ and a basic solution environment are required for the synthesis of analcime. NaCaHSiO4 was sufficiently alkaline to effect the decomposition of itself and produce sufficient SiO32−, Na+ and alkalinity without addition of any more strongly basic reaction medium during hydrothermal reaction. In addition, some SiO2 did not transform into TA but into quartz indicating that Ca source was insufficient. As Ca/Si molar ratio increased, the quartz and analcime characteristic peaks disappeared, while relatively strong reflections of Ca3Al2O6 were detected. According to the above analyses, hydrothermal treatment of AER without addition of extra silica and calcium source formed 11Å-TA. The reactions were expressed as follows:


NaCaHSiO4 + OH− → SiO32− +Na + Ca(OH)2



(3)






SiO32− + Ca(OH)2+H2O → C-S-H+OH−



(4)






C-S-H → 11Å-Tobermorite (Ca5·Si6O16(OH)2·nH2O)



(5)







The hydrothermal time plays an important role in the synthesis of 11Å-TA. The effect of varying hydrothermal time between 3 and 12 h was investigated with hydrothermal temperature of 200 °C and Ca/Si molar ratio of 1. Figure 5 presents XRD diffraction pattern of the samples obtained after different hydrothermal treatment times. To-13 signals corresponded to the newly generated sodium calcium aluminum oxide silicate hydrate phase in addition to peaks corresponding to NaCaHSiO4 present in the unreacted AER, where most of NaCaHSiO4 remained unreactive after 3 h. After which only the characteristic peaks of 11Å-TA were observed at 6 h. However, after 12 h, the main final phase in the product was 11Å-TA; Ca3Al2O6 according to XRD analysis. The patterns remained unchanged, apart from peaks related to 11Å-TA that narrowed as the crystalline phase became more ordered. Hence, the optimal hydrothermal condition was 200 °C for 12 h. The 11Å-TA could be further functionalized to prepare low-cost adsorbing material for water purification.



Figure 6 shows the morphological changes of the products at different reaction temperatures. As shown in Figure 6a,b, a clear outline of the angular-like crystals microstructure, and particles as irregular globular coexist, which indicate an incomplete reaction and in agreement with XRD results. With the increase in reaction time. Figure 6c shows that as the reaction time increases to 6 h, NaCaHSiO4 was no longer present, and To-16 sample displayed a shorter and thinner band-like morphology, with a length of approx 1μm. Additionally, traces of C-H-S phases were observed around 11Å-TA. As shown in Figure 6d, more and more band-like crystallites formed, some of which were coiled together when the reaction proceeded for 9 h. Figure 7 shows the schematic of the TA preparation. The surface area is directly associated with the adsorption capacity for materials using adsorbent. The surface area of TA-adsorbent was determined as 16.77 m2·g−1 by single-point BET analysis.




3.2. Heavy Metal Removal Studies


3.2.1. Effect of Initial pH


pH of the aqueous system has a dramatic effect on adsorption capacity. Excess H+ causes the protonation of TA as well as competition with the toxic metal ions to be adsorbed on the active sites. However, pH of the solution also affects the state of toxic metal ions. To prevent the formation of metal hydroxide precipitates in the aqueous system, the effect of the synthesized TA on the uptake capacity of Pb(II) and Cu(II) was studied in pH range of 1.0–6.0 at 25 °C for 6 h.



The results presented in Figure 8 show that the adsorption capacity of Cu(II) increases with pH from 1 to 3, hence, the adsorption was relatively low under strong acidic conditions. This was because TA surface was positively charged as a result of H+ would have the advantage for the competition compare with Cu(II), electrostatic repulsion forces restricted existence of the Cu(II) (dominant species), together with trace amounts of Cu2(OH)22+ and Cu(OH)+ in the proximity of the adsorption interface. Adsorbent surface became deprotonated with increasing pH. Consequently, at pH between 3 and 6, the concentration of OH− increased in order of magnitude, the amount of negative charges on TA surfaces increased via deprotonation of hydroxyl groups, which promoted strong electrostatic attraction forces resulting in removal of Cu(II) ions (>95%). Furthermore, removal rate of Pb(II) adsorbed by TA at different pH values are shown in Figure 8. The same trends were observed for Pb(II) removal efficiencies with increasing pH, which increased the adsorptive efficiency from pH 1.0 to 3.0. At pH < 3, the removal was low owing to the active sites on TA surface being occupied by H+. However, the maximum removal reached 98.3% and remained above 97% at pH 3.0–6.0. According to the surface complexation theory, competition between H+ and Pb(II) decreased with increasing pH.



The zero point potential (pHzpc) of TA adsorbent is 7.14 at which the net surface charge of the TA adsorbent is equal to zero. When pH below 7.14, it indicating that the adsorbent were negatively charged, which favored Cu(II) and Pb(II) removal from the solution. In addition, the negative surface charge of TA adsorbent accelerates the adsorption rate at the initial stage. Therefore, the obtained results indicated that the alkaline solution medium was favorable for the removal of toxic metal ions.




3.2.2. Effect of Initial Concentration


As shown in Figure 9, the initial metal ion concentration ranging from 200 mg·L−1 to 2000 mg·L−1 was examined. Figure 9a depicts that the adsorption capacity of TA increased with Cu(II) concentration. At equilibrium, qe for Cu(II) was achieved by TA at 177.1 mg·g−1. This may be attributed to the number of Cu(II) will be less compared to the available sites on TA, resulting in diminished adsorption at low Cu(II) concentration. At higher initial Cu(II) concentration, Cu(II) transfer from the solution to TA was favored. However, as shown in Figure 9a, the removal rate remained over 99% in initial concentration from 200 mg·L−1 to 600 mg·L−1, but decreased with increasing the initial concentration of Cu(II). As shown in Figure 9b, similar trends were observed for Pb(II), where qe increased with increasing initial concentration and reached a plateau (177.1 mg·g−1) at above 1000 mg·L−1. The increase of the initial concentration of metal ion enhanced the driving force that overcome mass transfer resistance between the liquid and solid phases. qe reached a plateau due to overlapping of available active sites that adhered the metal ions required for the high concentration of metal ion [27]. Compared with previous reports, the adsorption capacities are significantly higher [28,29], the adsorption capacities are significantly higher. Therefore, TA could effectively treat Cu and Pb-containing wastewater.




3.2.3. Adsorption Isotherm


The effect of initial concentration on the equilibrium adsorption capacity of metal ion adsorbed on TA was evaluated at 25 °C. The linear forms of the Langmuir (Equation (6)) and Freundlich (Equation (7)) isotherms described the relationship of Cu(II) and Pb(II) in the solid and liquid phase at equilibrium.


     Langmuir   model :        C e     q e    =  1   q m   b L    +    C e     q m        



(6)






     Freundlich   model :       Logq  e  =   LogK  F  +  1 n    LogC  e      



(7)




where Ce and qe is consistent with it mentioned above; qm is the maximum adsorption capacity of metal ion adsorbed per unit weight of TA; KF and 1/n are the Freundlich constants; bL is the Langmuir constant. The linear plots of the Langmuir and Freundlich isotherms are shown in Figure 10, and the corresponding parameters are calculated and listed in Table 3. Figure 10a,b shows that, the Langmuir model (R2 = 0.993) fitted better to the Cu(II) adsorption data compared to the Freundlich model (R2 = 0.921). This indicated that the adsorption of Cu(II) ions on TA adsorbent involved a monolayer coverage process. Additionally, the maximum value of qm of TA adsorbent for Cu(II) ions was 171.2 mg·g−1 which was comparable to the experiment value (177.1 mg·g−1). The separation factor constant (RL) was used to evaluate the applicability of the adsorbent to the studied adsorbate [30,31], which was calculated from Langmuir isotherm described in Equation (8).


     Separation   factor :      R L  =  1  1 +  K L   C 0        



(8)




where Co denotes the initial concentration. KL values were obtained from the Langmuir isotherm model. As shown in Table 3, RL was between 0.525 and 0.155, and the range from 0 to 1 means that the adsorption process of Cu(II) was theoretically favorable [32].



Figure 10c,d shows the experimental adsorption data of Pb(II) for TA that fitted better using the Langmuir isotherm model (R2 = 0.999) compared to the Freundlich model (R2 = 0.732). Hence, the active sites of TA were homogeneously distributed on the surface, and Pb(II) exhibited a more preferred monolayer adsorption. The observed better fitted data also indicated weak interaction between active sites of the adsorbents. The maximum adsorption capacity of Pb(II) for TA obtained from the Langmuir isotherm model was 173.01 mg·g−1, which was similar to the maximum adsorption capacity. Table 3 displays the separation factor (RL), where adsorption was favorable (0 < RL = (0.0135~0.0003) < 1). Therefore, cost-effectiveness and excellent adsorption performance shows that TA is a promising candidate for the removal of Cu(II) and Pb(II) from wastewater.




3.2.4. Effect of Time and Adsorption Kinetics Analysis


The rate-controlling steps are essential in order to further elucidate the removal mechanism of Cu(II) and Pb(II) by TA. The kinetic data were fitted to either the pseudo-fist-order (Equation (9)) or pseudo-second-order (Equation (10)) kinetic models.


  Pseudo - first - order   model :   Ln (  q e  −  q t  ) = L n  q e  −  K 1  t  



(9)






  Pseudo - sec ond - model :    t   q t    =  t   q e    +  1   q e 2   k 2     



(10)




where qe and qt are the adsorption capacities of metal ions at equilibrium and different time, respectively; k1 and k2 are the rate constants for the pseudo-fist-order model and pseudo-second-order model, respectively. The effect of contact time on the adsorption of Cu(II) by TA is exhibited in Figure 11a. The adsorption process was considerably faster in the first few min and reached equilibrium after 180 min. As shown in Figure 11b,c, the adsorption kinetics of Cu(II) ions on TA was well fitted by both the pseudo-fist-order model (R2 = 0.9209) and pseudo-second-order (R2 = 0.9606). The simulation results showed that the calculated qmax of the pseudo-second-order model was in agreement with the experimental data. Therefore, the adsorption of Cu(II) ions on TA was mainly controlled by chemisorption. In addition, the effects of the contact time on the adsorption of Pb(II) were also investigated (Figure 11d). The parameters of the models were better fitted to the pseudo-second-order (R2 = 0.9521) than the pseudo-fist-order model (R2 = 0.9438), which indicated the chemisorption was the dominant control step for the adsorption process of Pb(II). k2 for Cu(II) was higher than that of Pb(II) and indicated that Cu(II) was adsorbed at a faster adsorption rate, which was consistent with the time required for reaching equilibrium.



Compared with other adsorbents, the biggest advantage of TA as adsorbent is lower costs, as shown in Table 4, several solid waste based low cost adsorbents have been used for the removal of Cu(II) and Pb(II) in previous studies. In general, the removal capacity of TA adsorbent for Cu(II) and Pb(II) compares favorably with those of other solid waste based adsorbents under single metal ions batch conditions.




3.2.5. Adsorption Thermodynamic


Thermodynamic analysis is a scientific theory to study the effect of temperature on the adsorption process. In this study, the temperature range was 25 °C, 45 °C and 65 °C to calculate thermodynamic parameters, actual indicators including Gibbs free energy (ΔG0) are deduced from Equations (11) and (12), similarly, the enthalpy (ΔH0) and entropy (ΔS0) are calculated from the following Equation (13) (Van Hoff’s relation) and are summarized in Table 5.


   K C  =  q e     / c   e   



(11)






     Δ G   0  =    - RTlnK   C   



(12)






    lnK  C  =    Δ S   0   / R  −    Δ H   0   / RT   



(13)




where qe represents the adsorption capacity of the adsorbent at equilibrium state; ce represents the adsorption equilibrium concentration of metal ions in the solution. R is the gas constant, and T is the temperature (K).



Table 5 indicate that the values of ΔG0 for Cu(II) and Pb(II) at lower temperature are slightly positive. It expresses that the adsorption process was simple but nonspontaneous at lower temperature. The negative values of ΔH0 indicate that Cu(II) and Pb(II) adsorption processes follow the exothermic reaction. Besides, the negative values of ΔS0 elucidate a decrease in the degree of randomness of Cu(II) and Pb(II) at the solid adsorbate interface of the TA adsorbent.






4. Conclusions


Using reside after extracting aluminum as raw material, we developed a low-cost TA via hydrothermal process. The experiments were performed under various conditions to determine optimal operation parameters and obtain well crystallized TA within 12 h at 200 °C without addition of extra silica and calcium source. Moreover, synthesized TA was employed to remove toxic substances (Cu(II) and Pb(II)) from wastewater. The adsorption data was in good agreement with the Langmuir model, which indicated that adsorption occurred in a homogeneous adsorption site via a monolayer reaction and maximum adsorption obtained at capacity of 177.1 and 176.2 mg·g−1 for Cu(II) and Pb(II), respectively. The kinetic study showed that adsorption followed the pseudo-second-order model, indicating a chemisorption process. Thermodynamic analysis showed the adsorption of Cu(II) and Pb(II) by synthesized TA adsorbent is a nonspontaneous and exothermic process. Therefore, the prepared TA adsorbent has potential application in treatment of heavy metal pollutants. Furthermore, Excellent adsorption properties of adsorbent are not only attribute required, its regeneration is a critical factor as well. For this reason, the regeneration studies of TA adsorbent is a scientific problem worthy of further attention.







Author Contributions


Conceptualization, T.P. and J.Y.; methodology, J.Y.; software, L.Z.; validation, T.P., J.Y. and L.Z.; formal analysis, X.Z.; investigation, J.Y.; resources, X.Z.; data curation, J.Y.; writing—original draft preparation, L.Z.; writing—review and editing, J.Y.; visualization, J.Y.; supervision, H.S.; project administration, H.S.; funding acquisition, H.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by the Longshan academic talent research and Innovation Team Project of SWUST (17LZXT11). We thank all the interviewees for sharing their ideas and experiences with us during our field studies and all the anonymous reviewers who help us to improve the paper.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank all the interviewees for sharing their ideas and experiences with us during our field studies and all the anonymous reviewers who help us to improve the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bilar, M.; Ihsanullah, I.; Shah, M.U.H.; Younas, M. Enhanced removal of cadmium from water using bio-sorbents synthesized from branches and leaves of Capparis decidua and Ziziphus mauritiana. Environ. Technol. Innov. 2021, 24, 101922. [Google Scholar] [CrossRef]

	



Al-Khaldi, F.A.; Abusharkh, B.; Khaled, M.; Atieh, M.A.; Nasser, M.S.; laoui, T.; Saleh, T.A.; Agarwal, S.; Tyagi, I.; Gupta, V.K. Adsorptive removal of cadmium(II) ions from liquid phase using acid modified carbon-based adsorbents. J. Mol. Liq. 2015, 204, 255–263. [Google Scholar] [CrossRef]

	



Aigbe, U.O.; Ukhurebor, K.E.; Onyancha, R.B.; Osibote, O.A.; Darmokoesoemo, H.; Kusuma, H.S. Fly ash-based adsorbent for adsorption of heavy metals and dyes from aqueous solution: A review. J. Mater. Res. Technol. 2021, 14, 2751–2774. [Google Scholar] [CrossRef]

	



Kim, S.A.; Kamala-Kannan, S.; Lee, K.J.; Park, Y.J.; Shea, P.J.; Lee, W.H.; Kim, H.; Oh, B.T. Removal of Pb(II) from aqueous solution by a zeolite–nanoscale zero-valent iron composite. Chem. Eng. J. 2013, 217, 54–60. [Google Scholar] [CrossRef]

	



Hamid, S.A.; Azha, S.F.; Sellaoui, L.; Bonilla-Petriciolet, A.; Ismail, S. Adsorption of copper(II) cation on polysulfone/zeolite blend sheet membrane: Synthesis, characterization, experiments and adsorption modelling. Colloids. Surf. A. 2020, 601, 124980. [Google Scholar] [CrossRef]

	



Shang, Z.; Zhang, L.; Zhao, X.; Liu, S.; Li, D. Removal of Pb(II), Cd(II) and Hg(II) from aqueous solution by mercapto-modified coal gangue. J. Environ. Manag. 2019, 231, 391–396. [Google Scholar] [CrossRef]

	



Kaçakgil, E.C.; Çetintas, S. Preparation and characterization of a novel functionalized agricultural waste-based adsorbent for Cu2+ removal: Evaluation of adsorption performance using response surface methodology. Sustain. Chem. Pharm. 2021, 22, 100468. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, M.W.; Hu, J.; Feng, W.P.; Li, J.J.; You, Z.X. Highly efficient and selective removal of Pb2+ by ultrafast synthesis of HKUST-1: Kinetic, isotherms and mechanism analysis. Colloids Surf. A 2022, 633, 127852. [Google Scholar] [CrossRef]

	



Makhanya, B.N.; Nyandeni, N.; Ndulini, S.F.; Mthembu, M.S. Application of green microalgae biofilms for heavy metals removal from mine effluent. Phys. Chem. Earth. 2021, 124, 103079. [Google Scholar] [CrossRef]

	



Faisal, A.A.H.; Al-walel, S.F.A.; Assi, H.A.; Naji, L.A.; Naushad, M. Waterworks sludge-filter sand permeable reactive barrier for removal of toxic lead ions from contaminated groundwater. J. Water Process. Eng. 2020, 33, 101112. [Google Scholar] [CrossRef]

	



Dhiman, V.; Kondal, N. ZnO Nanoadsorbents: A potent material for removal of heavy metal ions from wastewater. Colloid Interface Sci. Commun. 2021, 41, 100380. [Google Scholar] [CrossRef]

	



Jiang, Z.; Yang, J.; Ma, H.; Wang, L.; Xi, M.A. Reaction behaviour of Al2O3 and SiO2 in high alumina coal fly ash during alkali hydrothermal process. Trans. Nonferrous Met. Soc. China 2015, 25, 2065–2072. [Google Scholar] [CrossRef]

	



Qi, L.; Yuan, Y. Characteristics and the behavior in electrostatic precipitators of high-alumina coal fly ash from the Jungar power plant, Inner Mongolia, China. J. Hazard. Mater. 2011, 192, 222–225. [Google Scholar] [CrossRef] [PubMed]

	



Yang, C.; Zhang, J.; Li, S.; Li, H.; Hou, X.; Zhu, G. Mechanisms of mechanochemical activation during comprehensive utilization of high-alumina coal fly ash. Waste. Manag. 2020, 116, 190–195. [Google Scholar] [CrossRef]

	



Zhang, J.; Li, S.; Li, H.; Wu, Q.; Xi, X.; Li, Z. Preparation of Al-Si composite from high-alumina coal fly ash by mechanical-chemical synergistic activation. Ceram. Int. 2017, 43, 6532–6541. [Google Scholar] [CrossRef]

	



Zhong, L.; Zhang, Y.; Zhang, Y. Extraction of alumina and sodium oxide from red mud by a mild hydro-chemical process. J. Hazard. Mater. 2009, 172, 1629–1634. [Google Scholar] [CrossRef]

	



Zhang, R.; Zheng, S.; Ma, S.; Zhang, Y. Recovery of alumina and alkali in Bayer red mud by the formation of andradite-grossular hydrogarnet in hydrothermal process. J. Hazard. Mater. 2011, 189, 827–835. [Google Scholar] [CrossRef]

	



Sun, Z.; Li, H.; Bao, W.; Wang, C. Mineral phase transition of desilicated high alumina fly ash with alumina extraction in mixed alkali solution. Int. J. Miner. Process. 2016, 153, 109–117. [Google Scholar] [CrossRef]

	



Li, H.; Hui, J.; Wang, C.; Bao, W.; Sun, Z. Removal of sodium (Na2O) from alumina extracted coal fly ash by a mild hydrothermal process. Hydrometallurgy 2015, 153, 1–5. [Google Scholar] [CrossRef]

	



Wang, Z.; Ma, S.; Tang, Z.; Wang, X.; Zheng, S. Effects of particle size and coating on decomposition of alumina-extracted residue from high-alumina fly ash. J. Hazard. Mater. 2016, 308, 253–263. [Google Scholar] [CrossRef]

	



Mandaliev, P.; Wieland, E.; Dähn, R.; Tits, J.; Churakov, S.V.; Zaharko, O. Mechanisms of Nd(III) uptake by 11Å tobermorite and xonotlite. Appl. Geochem. 2010, 25, 763–777. [Google Scholar] [CrossRef]

	



Merlino, S.; Bonaccorsi, E.; Armbruster, T. Tobermorites; their real structure and order-disorder (OD) character. Am. Miner. 1999, 84, 1613–1621. [Google Scholar] [CrossRef]

	



Cao, P.X.; Li, G.H.; Luo, J.; Rao, M.J.; Jiang, H.; Peng, Z.W.; Jiang, T. Alkali-reinforced hydrothermal synthesis of lathy tobermorite fibers using mixture of coal fly ash and lime. Constr. Build. Mater. 2020, 238, 117655. [Google Scholar] [CrossRef]

	



Ding, J.; Tang, Z.H.; Ma, S.H.; Wang, Y.J.; Zheng, S.L.; Zhang, Y.; Shen, S.; Xie, Z.L. A novel process for synthesis of tobermorite fiber from high-alumina fly ash. Cem. Concr. Compos. 2016, 65, 11–18. [Google Scholar] [CrossRef]

	



Li, Y.; Bai, P.; Yan, Y.; Yan, W.; Shi, W.; Xu, R. Removal of Zn2+, Pb2+, Cd2+, and Cu2+ from aqueous solution by synthetic clinoptilolite. Microporous Mesoporous Mater. 2019, 273, 203–211. [Google Scholar] [CrossRef]

	



Hsiao, Y.; Ho, T.; Shen, Y.; Ray, D. Synthesis of analcime from sericite and pyrophyllite by microwave-assisted hydrothermal processes. Appl. Clay Sci. 2017, 143, 378–386. [Google Scholar] [CrossRef]

	



Mzinyane, N.N.; Ofomaja, A.E.; Naidoo, E.B. Synthesis of poly (hydroxamic acid) ligand for removal of Cu(II) and Fe(II) ions in a single component aqueous solution. S. Afr. J. Chem. Eng. 2021, 35, 137–152. [Google Scholar] [CrossRef]

	



Gossuin, Y.; Hantson, A.L.; Vuong, Q.L. Low resolution benchtop nuclear magnetic resonance for the follow-up of the removal of Cu2+ and Cr3+ from water by amberlite IR120 ion exchange resin. J. Water Process. Eng. 2020, 33, 101024. [Google Scholar] [CrossRef]

	



Wang, C.; Yang, Z.; Song, W.; Zhong, Y.; Sun, M.; Gan, T.; Bao, B. Quantifying gel properties of industrial waste-based geopolymers and their application in Pb2+ and Cu2+ removal. J. Clean. Prod. 2021, 315, 128203. [Google Scholar] [CrossRef]

	



Anush, S.M.; Chandan, H.R.; Gayathri, B.H.; Asma Manju, N.; Vishalakshi, B.; Kalluraya, B. Graphene oxide functionalized chitosan-magnetite nanocomposite for removal of Cu(II) and Cr(VI) from waste water. Int. J. Biol. Macromol. 2020, 164, 4391–4402. [Google Scholar] [CrossRef]

	



Zhang, W.; Sun, P.; Liu, D.; Zhao, Q.; Zou, B.; Zhou, L.; Ye, Z. Method to fabricate porous multifunction β-cyclodextrin modified resin for ultrafast and efficient removal of Cu(II) and bisphenol A. J. Taiwan Inst. Chem. Eng. 2021, 119, 286–297. [Google Scholar] [CrossRef]

	



Liu, J.; Yang, X.; Liu, H.; Cheng, W.; Bao, Y. Modification of calcium-rich biochar by loading Si/Mn binary oxide after NaOH activation and its adsorption mechanisms for removal of Cu(II) from aqueous solution. Colloids. Surf. A 2020, 601, 124960. [Google Scholar] [CrossRef]

	



Sun, P.; Zhang, W.; Zou, B.Z.; Wang, X.Y.; Zhou, L.C.; Ye, Z.F.; Zhao, Q.L. Efficient adsorption of Cu(II), Pb(II) and Ni(II) from waste water by PANI@APTS-magnetic attapulgite composites. Appl. Clay Sci. 2021, 209, 106151. [Google Scholar] [CrossRef]

	



Chen, Y.N.; Zhao, W.; Zhao, H.; Dang, J.Q.; Jin, R.; Chen, Q. Efficient removal of Pb(II), Cd(II), Cu(II) and Ni(II) from aqueous solutions by tetrazole-bonded bagasse. Chem. Phys. 2020, 529, 110550. [Google Scholar] [CrossRef]

	



Joseph, I.V.; Tosheva, L.; Doyle, A.M. Simultaneous removal of Cd(II), Co(II), Cu(II), Pb(II), and Zn(II) ions from aqueous solutions via adsorption on FAU-type zeolites prepared from coal fly ash. J. Environ. Chem. Eng. 2020, 8, 103895. [Google Scholar] [CrossRef]

	



Cheng, T.; Chen, C.; Tang, R.; Han, C.H.; Tian, Y. Competitive Adsorption of Cu, Ni, Pb, and Cd from Aqueous Solution Onto Fly Ash-Based Linde F(K) Zeolite. Iran. J. Chem. Chem. Eng. 2018, 37, 61–72. [Google Scholar]

	



Pawar, R.R.; Lalhmunsiama Bajaj, H.C.; Lee, S.M. Activated bentonite as a low-cost adsorbent for the removal of Cu(II) and Pb(II) from aqueous solutions: Batch and column studies. J. Ind. Eng. Chem. 2016, 34, 213–223. [Google Scholar] [CrossRef]








[image: Ijerph 19 00616 g001 550] 





Figure 1. Scanning electron microscope (SEM )image (a) and X-ray diffractometer (XRD) pattern (b) of alumina-extracted residue (AER). 
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Figure 2. XRD pattern of products synthesized at different Ca/Si molar ratio at 160 °C for 12 h. N—NaCaHSiO4. 
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Figure 3. XRD pattern of products synthesized at different temperatures for 12 h. N—NaCaHSiO4; A—Ca(OH)2; T—11Å-TA; C—Ca3Al2O6. 
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Figure 4. XRD patterns of products synthesized at different Ca/Si molar ratio at 200 °C for 12 h. T—11Å-TA; C—Ca3Al2O6; A—Analcime; Q—Quartz. 
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Figure 5. XRD patterns of products synthesized at 200 °C for different time. N—NaCaHSiO4; S—Sodium Calcium Aluminum Oxide Silicate Hydrate; T—11Å-TA; C—Ca3Al2O6. 
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Figure 6. SEM images examining the effect of reaction time on the morphology of the product for (a) and (b) To-13, (c) To-14, (d) To-15. 
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Figure 7. The schematic of the Tobermorite adsorbent (TA) preparation; Q3 represents the bridging silicate tetrahedra; Q2 represents mid-chain silicate tetrahedra; Q1 represents the end group of a chain structure. 
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Figure 8. Effect of pH and recycle adsorption performance of TA for Cu(II) and Pb(II). Cation initial concentration was 200 mg·L−1, adsorbent dosage was 0.1 g, 25 °C. 






Figure 8. Effect of pH and recycle adsorption performance of TA for Cu(II) and Pb(II). Cation initial concentration was 200 mg·L−1, adsorbent dosage was 0.1 g, 25 °C.



[image: Ijerph 19 00616 g008]







[image: Ijerph 19 00616 g009 550] 





Figure 9. Effect of initial metal ion concentration on adsorption of Cu(II) (a) and Pb(II) (b) on TA. 
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Figure 10. (a) Langmuir isotherm; (b) Freundlich isotherm (adsorption conditions: Ce (Cu(II)) = 200-2000 mg·L−1, V = 10 mL, T = 25 °C, t = 360 min, pH = 5.0, and adsorbent amount = 0.1 g). (c) Langmuir isotherm; (d) Freundlich isotherm (adsorption conditions: Ce (Pb(II)) = 200-2000mg·L−1, V = 10 mL, T = 25 °C, t = 360 min, pH = 5.0, and adsorbent amount = 0.1 g). 
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Figure 11. The effect of contact time on the adsorption of Cu(II) ions by TA (a); pseudo-fist-order model (b) and pseudo-second-order model (c); the effect of contact time on the adsorption of Pb(II) ions by TA (d); pseudo-fist-order model (e) and pseudo-second-order model (f). 
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Table 1. Chemical composition of AER (ωt%).
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	Component
	CaO
	SiO2
	Al2O3
	Na2O
	Fe2O3
	TiO2
	MgO
	Others





	Mass (%)
	37.39
	35.57
	2.10
	17.91
	2.03
	2.76
	1.86
	0.39
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Table 2. Ranges and values of the experimental parameters for 11Å-TA synthesis using AER.
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Samples Label

	
Experiment Conditions

	
Liquid-Solid Ratio (mL·g−1)




	
Ca/Si (Ratio)

	
Temperature (°C)

	
Time (h)






	
To-1

	
0.8

	
160

	
12

	
25




	
To-2

	
0.9




	
To-3

	
1.0




	
To-4

	
1.1




	
To-5

	
0.8

	
180




	
To-6

	
0.9




	
To-7

	
1.0




	
To-8

	
1.1




	
To-9

	
0.8

	
200




	
To-10

	
0.9




	
To-11

	
1.0




	
To-12

	
1.1




	
To-13

	
1.0 a

	
200

	
3




	
To-14

	
6




	
To-15

	
9




	
To-16

	
12








a refers to suitable parameter values selected from previous set to be applied for the next sets of experiments.
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Table 3. Comparison between Langmuir and Freundlich constants by linear fitting for TA at 25 °C.
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Kinetic Model

	
Parameter

	
Metal Ions




	
Cu(II)

	
Pb(II)






	
Langmuir

	
qm (mg·g−1)

	
171.2

	
173.01




	
bL(min−1)

	
0.00452

	
1.4522




	
R2

	
0.993

	
0.999




	
RL

	
0.525~0.155

	
0.0135~0.0003




	
Freundlich

	
1/n

	
0.158

	
0.229




	
KF (L·mg−1)

	
60.94

	
41.591




	
R2

	
0.921

	
0.732








qm is the maximum adsorption capacity of metal ion; bL is the langmuir constant; RL is the separation factor constant; KF and 1/n are the freundlich constants.
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Table 4. Comparison of adsorption capacity of Cu(II) and Pb(II) by TA and other adsorbents.
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Adsorbents

	
qm (mg·g−1)

	
Reference




	
Cu(II) Sorbed

	
Pb(II) Sorbed






	
Magnetic attapulgite composites

	
189.0

	
142.8

	
[33]




	
Novel geogolymers based on coal gangue and red mud

	
90.0

	
137.7

	
[29]




	
Tetrazole-bonded bagasse

	
253.5

	
89.3

	
[34]




	
Zeolites prepared from CFA

	
57.8

	
109.9

	
[35]




	
Linde F(K) zeolite from CFA

	
18.5

	
46.5

	
[36]




	
Activated bentonite

	
9.7

	
21.3

	
[37]




	
TA-adsorbent

	
177.1

	
176.2

	
This study
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Table 5. Thermodynamic parameter of Cu(II) and Pb(II) adsorption by the obtained TA adsorbents.
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Metal

	
T

(K)

	
Kc

	
ΔG0

(kJ·mol−1)

	
ΔH0

(KJ·mol−1)

	
ΔS0

(J·mol−1·K−1)

	
R

(kJ·mol−1·K−1)






	
Cu(II)

	
298.15

	
0.171

	
4.368

	
−1.090

	
−9.047

	
8.3 × 10−3




	
318.15

	
0.156

	
4.906




	
338.15

	
0.144

	
5.439




	
Pb(II)

	
298.15

	
0.173

	
4.342

	
−2.760

	
−5.277




	
318.15

	
0.155

	
4.923




	
338.15

	
0.132

	
5.683
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