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Abstract

:

Modified pyrite (MPy), which was obtained from calcination in an N2 atmosphere, was used as a sorbent for removing Hg(II) from aqueous solutions. Fixed-bed column experiments were conducted to determine the Hg(II) removal ability of MPy from aqueous solutions. MPy was found to be much better than natural pyrite for mercury removal. The concentration of Hg(II) in effluents was much lower than that of the emission standard used for Hg wastewater in China (0.05 mg/L), and the removal efficiency of Hg(II) was greater than 99% before breakthrough. When the capacity was 3274 times the column bed volume (1 bed volume = 25.12 cm3), the column breakthrough and the sorption amount of Hg(II) were 54.44 mg/g. The Hg(II) content in the used MPy sorbent was up to 24.79%. The mechanism was analyzed by X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), field emission transmission electron microscopy (FE-TEM), and X-ray Photoelectron Spectroscopy (XPS). The main mechanism of Hg(II) removal by MPy was the chemical reactions between mercury ions and mineral fillers, and HgS precipitated on the surface of MPy to remove Hg(II). The reaction was also accompanied by surface complexation and adsorption. The results of this work show that MPy can be used as a sorbent for continuous Hg(II) removal.
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1. Introduction


Mercury is a hazardous contaminant in wastewater and poses a serious threat to both the environment and public health. The results from past investigations suggest that Hg(II) is harmful to human health, as it causes a prominent toxic effect on the central nervous system [1,2], renal system [3], immune system [4], cardiovascular system [5,6,7] and even genetics [8]. Mercury is an element that occurs naturally in the environment, but human activities, such as mining, waste incineration, and chemical production operations also release a huge quantity of mercury into the environment [9]. Since mercury does not degrade naturally, a significant part of mercury that is released into the air, eventually gets deposited in land and water. The mercury deposited into the earth eventually accumulates in the food chain through a series of environmental transport processes. Therefore, a large quantity of mercury gets stored up at the top of local food chains, especially in sharks, swordfish and humans [10].



Mercury emissions data are tracked by the National Emissions Inventory (NEI). According to the statistics, there are 52 tons of mercury emitted into the air per year in the USA. Based on related documentation, the largest source of atmospheric mercury emissions was coal-burning power plants, which it accounted for 44% of all man-made mercury emissions in the United States in 2014. As per the Environmental Protection Agency (EPA), the mercury concentration in treated effluents and potable water must be below 10 μg/L and 2 μg/L, respectively [10]. Consequently, Hg removal from wastewater has attracted great interest from researchers. Numerous treatment technologies commonly used to remove mercury by multiple techniques, such as ion exchange, adsorption, electro-deposition and biological processes have been well developed [11,12,13,14,15]. Among these methods, adsorption was the most widely used because it is cost-effective. A variety of adsorbing materials, such as fruit shell [16,17], activated carbon [18,19], chitosan films [20] and polypyrrole-reduced graphene oxide composites [21], have been studied comprehensively. Recently, natural mineral materials, especially iron sulfide, have gained popularity as adsorbents due to their excellent efficiency and low cost.



Pyrite (FeS2) is the most common sulfide mineral around the world and is generally used for the manufacture of sulfuric acid. Recently, pyrite was investigated for Hg(II) removal because of its high chemical activity. Previous studies on pyrite have confirmed that pyrite can potentially be used for the removal of heavy metals such as Hg(II) [22,23], Cu(II) [24,25], Cd(II) [26,27] and Pb(II) [28]. However, the ability of natural pyrite to remove heavy metals is restricted by its low sorption capacities as the mineral is characterized by low specific surface area and low chemical reactivity due to strong S-S bonds. These restrictions make the chemical reactivity of pyrite lower than that of pyrrhotite. Pyrrhotite is a kind of nonstoichiometric iron sulfide, which is the most dominant product of pyrite calcination [29]. Former studies have shown that the reaction rates of pyrrhotite oxidation by oxygen was 100 times that of pyrite [30]. Therefore, the authors have created a thermal activation system by calcining natural pyrite to improve its adsorption capacity. Previous studies have shown that calcined pyrite has a high efficiency for use as an adsorbent. Several former experiments conducted by the authors have confirmed the high potential for use MPy (modified pyrite) as efficient adsorbent in heavy metal treatments, both in batch and column experiments. The experimental results are given in Table 1.



In this work, a column experiment was designed to explore the efficiency of using MPy as a mineral sorbent by comparing its performance with that of natural pyrite and to investigate the feasibility of using MPy for Hg(II) removal. The capacities and mechanisms of MPy for adsorbing Hg(II) were studied by using surface analysis techniques including SEM, XRD, TEM and XPS. The experimental results reveal the feasibility of using MPy for the removal of mercury.




2. Materials and Methods


2.1. Materials


The natural pyrite (Py) used in this experiment was obtained from the Xinqiao Mine, Anhui Province, China. The material was crushed and ground to fraction of 0.5–1 mm. Subsequently, the sample was soaked in 5% HCl for 2 h to wash away the impurities and oxide film on the surface. Finally, the sample was washed by deionized water. The obtained samples were dried using an electric vacuum drying oven in an anoxic environment. After that, the purified pyrite was calcined at 600 °C for 30 min in an N2 atmosphere.



The solution with a low concentration of Hg(II), used in the experiment, was prepared with deionized water containing dissolved Hg(NO3)2. The Hg(II) concentration in the solution was 0.165 mmol/L, and the pH was adjusted to 3 for preservation [34].




2.2. Column Experiments


Two glass pipe columns of 60 cm height and 10 mm inner diameter were used to perform the sorption experiments. The column was filled to the height of 5 cm from the bottom with broken glass, which was used as the supporting layer to prevent the leakage and loss of experimental materials during the operation. One column was packed to a 32 cm with 50 g of Py, while the other to the same height with 50 g of MPy. Mercury concentration in the influent solution was 33.09 mg/L and the pH equal to 6.82. The experimental apparatus was illustrated in Figure 1. When the experiment started, the solution was constantly pumped to the column with a flow rate equal to 0.8 mL/min from the reservoir tank containing the waste water to the bottom inlet of the column with a speed-controllable peristaltic pump system, and the calculated hydraulic retention time (HRT) was on the level of 31.4 min. The breakthrough Hg(II) concentrations were set at 0.05 mg/L, which is the upper limit of the national sewage comprehensive emission standard for Hg wastewater in China (GB 8978-1996) [35].




2.3. Analysis and Characterization


Every day, the pH of the effluent was determined by a portable pH meter, and then, the effluent was filtered through 0.45 μm filter paper. The ion content of Hg(II) in the discharged effluent was analyzed by using a direct mercury analyzer (DMA-80, Milestone, Italy). The Fe(II) concentrations were measured by phenanthroline spectrophotometry using a spectrophotometer (SP-722E, CANY, Shanghai, China), and the sulfate radical concentrations were examined by ion chromatography using an ion chromatograph (IC6100, Wayeal, Hefei, China).



At the very moment the breakthrough occurred in the columns, the input of the mercury-containing wastewater was stopped. Next, the columns were rinsed in deionized water for 5 h to remove the mercury attached to the surface of the products. Then, those columns were sealed and placed in a freezer. After that, the frozen fillers were extracted from the columns by tapping the column carefully with a hammer to peel the glass but not damage the filler, which ensured that the stuffing inside remained intact. Then, the fillers were divided into 16 2 cm long sections, along with the columns from the bottom to the top. Finally, those samples were dried in a vacuum freeze drying oven and sealed in an oxygen-free condition to further analyze their chemical and mineral compositions.



The following techniques were applied to identify the sample compositions: X-ray diffraction (XRD, DX 2700, Haoyuan Instrument, Dandong, China)was used to of analyze the phase changes of the raw materials and reaction products, X-ray Photoelectron Spectroscopy (XPS, ESCALAB250Xi, Thermo Fisher Scientific, Massachusetts, USA) was used to detect the form of mercury in the reaction products, field emission scanning electron microscopy (FE-SEM, SU8020, Hitachi, Tokyo, Japan) should be able to examine the morphology changes of the samples, and field emission transmission electron microscopy (FE-TEM, JEM-2100F, JEOL, Tokyo, Japan) indicates the crystalline characteristics of the reaction products.





3. Results and Discussion


3.1. Structure and Property of Modified Pyrite


Figure 2A shows the XRD patterns of the fillers of the two samples. Diffraction peaks are observed at 2θ = 28.51°, 33.08°, 37.11°, 40.78°, 47.41°, 56.28°, 61.69° and 64.28°, which correspond to the peak of the standard card of pyrite (JCPDS: 42-1340). Figure 2 exhibits a small peak, which indicates that the pyrite sample also contains a small amount of quartz (JCPDS: 46-1045). The peaks at 2θ = 30.02°, 34.02°, 44.04°, 53.28°, 57.17° and 65.52° are the characteristic peaks of pyrrhotite (JCPDS: 24-0220). The XRD peaks characteristic of Pyr are wide and weak compared to those of Py, and their presence implies the low crystallinity and smaller particle size of the sample. A quantitative estimation of the average grain sizes of the pyrrhotite microcrystallites was obtained from the broadening of the XRD peaks according to Scherrer’s formula (1):


  D =    K γ     Bcos θ     



(1)




where D is the crystal size, K is the Scherrer constant (K = 0.89), γ is the wavelength of the CuKα radiation (γ = 0.154 nm), B is the observed diffraction broadening, and θ is the Bragg angle (in degrees). The results show that the average crystal sizes of the pyrrhotite is 21.9 nm.



A pyrite peak was also observed in the calcined pyrite sample XRD pattern, indicating the presence of a small amount of pyrite that was not completely calcined.



Figure 3 show the SEM images of Py (A) and MPy (B). It can be observed that the natural pyrite crystal has a large size with smooth surfaces, while the modified pyrite has abundant inhomogeneous pores, resulting in modified pyrite with a higher porosity and higher specific surface area than natural pyrite, which confirms the result obtained from previous studies [31,32,33].



Based on previous studies by the authors, the sorption process of Hg(II) by MPy can be fitted by the Langmuir model and the Freundlich model. The Langmuir isotherm (R2 = 0.9991) fit better than the Freundlich isotherm (R2 = 0.9724) with regards to the sorption of Hg(II) onto MPy, and the maximum adsorption capacity of Hg(II) is 166.67 mg/g [31]. The specific surface area of MPy can be calculated from formula (2):


   S g  =    V m    NA  m    22400 W   ×   10   − 18    



(2)




where Sg is the specific surface area of crystal, Vm is the monolayer adsorbed nitrogen quantity, N is the Avogadro constant, Am is the cross-sectional areas of adsorbed nitrogen, and W is the weight of the sample. The specific surface area of MPy is 581.34 m2/g, which confirmed the higher sorption capacity of MPy.




3.2. Performance of MPy for Hg(II) Removal in the Column Experiment


3.2.1. Effluent Analysis


Figure 4A shows the variation of the Hg(II) concentrations in the column effluent with respect to the column bed volume (BV, 1 BV = 25.12 cm3). The results reveal that MPy has a high chemical affinity for Hg(II), and the breakthrough volume is up to 3274 BV. The Hg(II) concentrations of the MPy column effluent are lower than 0.05 mg/L when the handling capacity is less than 3274 BV, and the removal rate remains above 99%. However, for the natural pyrite, the Hg(II) breakthrough volume is approximately 127 BV, which indicates its inefficiency in mercury adsorption. A univariate test showed that the Hg(II) concentrations in the effluents of the MPy and Py columns were significantly different at a 1% significance level (P-value = 2.42 × 10−28) as BV increased, and the growth rate of the Hg(II) concentration in the effluent of the Py column was obviously higher than that in the effluent of the MPy column. The experimental results show that the modified pyrite has a better ability than natural pyrite to remove Hg(II) from water. The analysis of variance showed the time had a significant effect on the Hg(II) concentration in the effluent of the MPy column (P-value = 2.24 × 10−37).



Figure 4B shows the variation of the Fe(II) concentrations in the column effluent with respect to the column bed volume. It can be seen that the Fe(II) concentrations are approximately 0.95 mg/L in the initial stage of the Py column and decreases rapidly during the experiment. When the volume is up to 893 BV, the Fe(II) concentrations drop to the minimum. This result corresponds to the rising trend of mercury concentrations. In the initial running stage of the MPy column, a large amount of Fe(II) is detected in the effluent, with concentrations of 8.1 mg /L, which is almost the same as the Hg(II) concentration in the influent. When the volume reaches 2930 BV, the Fe(II) concentrations in the effluent decrease rapidly, corresponding to the variation trend of Hg(II) concentrations. A univariate test showed that the Fe(II) concentrations in the effluents of the MPy and Py columns were significantly different at a 1% significance level (P-value = 2.21 × 10−67) as the BV increased. As the experiment progressed, Hg(II) was continuously attached to the surface of the MPy column, and HgS precipitated on the material surface, which inhibited the release of Fe(II), leading to the gradual reduction in the Fe(II) concentration in the effluent and a gradual reduction in the HgS precipitation rate until the MPy column lose its reactivity. The analysis of variance showed the time had a significant effect on the Fe(II) concentration in the effluent of the MPy column (P-value = 3.64 × 10−37).



Figure 4C shows the variation of the SO42− concentrations in the column effluent with respect to the column bed volume. The concentrations of SO42− in both the columns were relatively high throughout the experiment, which indicated the existence of an obvious oxidation phenomenon, and the variation trend of the SO42− concentrations corresponded to the change in the Hg(II) concentrations. At the initial operation stage, the concentrations of SO42− remained stable at 16.5 and 17.0 mg/L. As the Hg(II) concentrations increased, the SO42− concentrations in the effluent rose to 20.5 and 20.3 mg/L. When the Hg(II) concentrations increased rapidly until breakthrough was achieved, the SO42− concentrations of the MPy column increased sharply and stabilized at 29.7 mg/L. The analysis of variance showed the time had a significant effect on the SO42− concentration in the effluent of the MPy column (P-value = 9.4 × 10−37)




3.2.2. Capacity Analysis


When breakthrough happened in the column, the content of Hg(II) eliminated from the influent by MPy was calculated using Equation (3):


  Q =   F   ∫   t = 0  t   (   C 1  −  C 2   )  d t  M   



(3)







C1 and C2 are the effluent and influent concentrations of Hg(II), t (d) was the elapsed time of the column before breakthrough, F (L/d) is the inlet velocity of the influent, and M (g) is the mass of the adsorbent filled in the column.



Before breakthrough, C1 was 33.09 mg/L, and C2 < 0.05 mg/L, so we can simplify Equation (4) as follows:


  Q =     FC  1  t  M   



(4)







When column breakthrough occurred, the sum of the Hg(II) amount adsorbed on the Py and MPy particulates in the column were approximately 0.19 and 54.44 mg/g. MPy is a much more efficient sorbent material than Py for the continuous treatment of Hg(II) removal. Compared to wet chitosan spheres and rice husk ash whose sorption capacities for Hg(II) are 17.27 ± 0.9 mg/g and 3.2 mg/g, MPy is an effective natural sorbent for Hg(II) removal [36,37].




3.2.3. Variation of the Mercury and Iron Contents


Figure 5 shows the variation of the mercury and iron contents in the solid products with respect to the column height after the products penetrated the two columns, and the change trend of the Hg(II) content in the products is basically opposite to that of the Fe(II) content. From the bottom up, the content of Hg(II) decreased, and the content of Fe(II) increased gradually in the column. The Hg(II) content and Fe(II) content in Py did not change significantly as the column height increased, which corresponds to the low treatment capacity of Py. As the column height increased, the Hg(II) content in the MPy column gradually decreased from 133.54 mg/g on the bottom to 16.15 mg/g on the top, while the Fe(II) content increased from 139.95 mg/g to 560.73 mg/g. The analysis of variance showed that the height of the MPy column had a significant effect on the Hg(II) concentration (P-value = 7.33 × 10−4) and Fe(II) concentration (P-value = 9.79 × 10−11). According to the curve shown in the figure, Hg(II) is mainly adsorbed at the bottom of the column, which was the inlet of the influent. Meanwhile, more iron dissolved at the bottom of the dynamic column. The Hg(II) in the bottom sample of the MPy column accounted for 24.79% of the total weight. MPy column is an extremely efficient material for Hg(II) adsorption in aqueous media.




3.2.4. XRD Analysis


XRD was used to identify the major mineralogical composition of the MPy sampled from the bottom, middle, and top of the column. Figure 2B shows that pyrrhotite is the major phase after breakthrough occurred, and the characteristic peak of cinnabar (α-HgS) appeared in the XRD pattern of the sample at the bottom of the column. As the dynamic column height increased, the characteristic peak of HgS disappeared, and the diffraction peak corresponding to pyrrhotite strengthened gradually. Thus, it is apparent that HgS is produced by the reaction between Hg(II) and MPy in the solution at the bottom of the column. The results show that a significant amount of HgS was adsorbed on the MPy surface. The dissolution of Fe1−xS and the formation of HgS can be described as follows [38]:


    Fe   1 − x    S   ( s )     ↔     (  1 − 3 x  )    Fe   2 +   +  S  2 −   + 2   xFe   3 +    



(5)






    Hg   2 +   +  S  2 −    →    HgS  



(6)






   K  sp      of   FeS  =  [    Fe   2 +    ]   [   S  2 −    ]  = 1.59 ×   10   − 19    



(7)






   K  sp      of   HgS  =  [    Hg   2 +    ]   [   S  2 −    ]  = 6.44 ×   10   − 53    



(8)








3.2.5. SEM and TEM Analysis


Figure 6A–C show the SEM images of the bottom, middle, and top part of the three samples after the MPy column breakthrough occurred. As seen from Figure 6A, several hollow spherical particles (with sizes in the micron range) formed on the surface of the sample at the bottom of the MPy column. According to the energy dispersive spectroscopy (EDS) analysis, the spherical particles generated at the bottom of the dynamic column adsorbed a large amount of Hg. It can be inferred that the acicular crystal is HgS according to the proportion of sulfur and mercury content. In addition, HgS substances are mainly concentrated at the bottom of the column, which is consistent with the previous XRD analysis. Figure 6B shows that there are many plate-like particles on the sample surface in the middle of the column, and these micron-sized materials were tightly coated on the sample surface. Figure 6C shows that there are some micron scale irregular stratified structures and hollow spherical particles on the surface at the top of the MPy column. Figure 7 and Figure 8 show the SEM and TEM images, respectively, and the energy dispersive X-ray spectroscopy (EDX) mapping image of the different elements (Hg, Fe, and S) on the used MPy obtained from the bottom of the column. It can be observed that the Hg and S elements are maintained with the same distribution, and the S element has the same distribution as the Fe element, partly. The distribution of the elements can prove that the spherical substance of the sample is HgS [39], which agrees well with previous analyses. Therefore, it can be concluded that the reaction is mainly actuated by the solubility products of the sulfides and pyrrhotite, and HgS is the principle species responsible for Hg(II) removal.




3.2.6. XPS Analysis


XPS was used to understand the mechanism of Hg(II) adsorption in the MPy column by characterizing the elemental states. Figure 9 shows the Fe 2p, O 1s, S 2p and Hg 4f XPS spectra of MPy in the bottom (A), middle (B) and top (C) of the column. As presented in the figure, four major Fe 2p peaks are identified from the spectrum obtained for the MPy surface. The binding energies are centered at approximately 707.2, 711.2, 720.1 and 725.1 eV. Among these peaks, the Fe 2p3/2 peak at 707.2 eV and Fe 2p1/2 peak at 720.1 correspond to Fe(II) coupled with S22− and SO42−, and the Fe 2p3/2 peak at 711.2 eV and Fe 2p1/2 peak at 725.1 correspond to Fe3+ coupled with O2− and -OH, which indicates that part of the Fe(II) dissolved on the surface of MPy was oxidized to Fe3+, and Fe3+ was bonded with the oxygen in the solution to form iron oxide [40,41,42].



As observed in the figure, the O 1s spectrum is best fitted with the peaks at 530.3 eV, 531.3 eV, 532.1 eV and 533.1 eV. O2− corresponds to the peak at 530.1 eV, -OH corresponds to the peak at 531.3 eV, SO42− corresponds to the peak at 532.1 eV, which all correspond to iron oxides. The small peak at 533.4 eV that appeared at the bottom sample is the binding energy of the O of SiO2, presumably due to the residual broken glass of the supporting layer. The binding energy of the O of the O2− at the bottom sample is relatively higher than that of the others, which indicates that most of the iron oxide was deposited at the bottom of the MPy column. From the bottom to the top of the column, the SO42− ion is increasing.



From the S 2p spectrum, we can see that there are four different forms of S on the sample surface after the breakthrough of the MPy column. There are two large peaks at 161.5 eV and 162.5 eV, where the former is S 2p3/2, and the latter is S 2p1/2. The S 2p survey spectrum show peaks at 161.5 eV (S2−), 162.5 eV (S22−), 163.8 eV (Sn2−) and 169.0 eV (SO42−) [43,44]. The binding energy corresponding to S2− at the bottom sample is relatively higher than that of the others, which indicates that the content of S2− is relatively high, which prove that HgS precipitated at the bottom. The amount of S22− in the bottom sample is relatively low because S22− oxidized partly to disulfide and sulfate.



It can be seen from the figure that the binding energies of Hg 4f5/2 and Hg 4f7/2 are 104.6 eV and 100.6 eV, respectively. The forms of Hg(II) existing on the surface of the MPy samples mainly include mercury complexes (104.6 eV) and HgS (100.6 eV). The results show that Hg(II) was successfully fixed to the surface of the MPy column.






4. Conclusions


In the present article, the column experiments were conducted to investigate the capacity of MPy to adsorb Hg(II). The results show that MPy is a feasible adsorbent for the removal of Hg(II). The results also reveal that the capacity of MPy for mercury fixation is 54.44 mg/g when breakthrough occurred, the Hg(II) concentration of the MPy column effluent is lower than 0.05 mg/L when the handling capacity is less than 3274 BV, and the removal rate remains above 99%. The XRD, FE-SEM, FE-TEM, and XPS analyses indicate that the Hg(II) in the solution was mainly formed by chemical reaction with MPy, and Hg(II) was removed from the solution because of the formation of HgS deposits on the surface of MPy. This research demonstrates that MPy is an efficient sorbent for removing Hg(II) from wastewater.
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Figure 1. Experimental schematic diagram of the column. 
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Figure 2. XRD patterns of the (A) fillers of the two columns before the experiments (Py: pyrite; Pyr: pyrrhotite; Q: quartz) and (B) three samples at the bottom, middle and top of the MPy column (Pyr: pyrrhotite; Cn: cinnabar). 
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Figure 3. (A) SEM image of natural pyrite and (B) SEM image of modified pyrite. 
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Figure 4. The concentrations of (A) Hg(II); (B) Fe(II) and (C) SO42− in the effluent of columns. 
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Figure 5. Variation of the Hg(II) and Fe(II) contents with respect to the column height (A) of the Py column and (B) MPy column. 
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Figure 6. SEM image of the (A) used MPy at the bottom of the column, (B) used MPy at the middle of the column, (C) used MPy at the top of the column. The regions analyzed by EDS and magnified regions are labeled. 
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Figure 7. SEM images of the used MPy at the bottom of the column and corresponding EDX mapping images showing the Hg, Fe, and S distributions. 
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Figure 8. TEM image and the corresponding EDX mapping images showing the Hg, Fe, and S distributed on the used MPy. 
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Figure 9. XPS spectra(Fe 2p, O 1s, S 2p and Hg 4f) of the MPy column ((A): bottom, (B): middle, and (C): top). 
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Table 1. Comparison of the adsorption capacities of MPy on different heavy metal pollutants.
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	Heavy Metal Pollutants
	Optimum Calcination Temperature and Time
	Experiment Form
	Qmax(mg/g)
	References





	Cu(II)
	600 °C, 1 h
	Column
	77.42
	[28]



	Pb(II)
	600 °C, 1 h
	Column
	73.68
	[28]



	Cu(II)-Pb(II)-Cd(II)-Zn(II) multiple solution
	600 °C, 1 h
	Column
	30.79
	[28]



	Hg(II)
	600 °C, 0.5 h
	Batch
	166.67
	[31]



	Eu(III)
	650 °C, 1.5 h
	Batch
	10.03
	[32]



	Phosphorus
	600 °C, 1 h
	Batch
	5.36
	[33]



	Phosphorus
	600 °C, 1 h
	Column
	0.17
	[33]











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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