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To the purpose of solving the problems of coal-gangue accumulation in the

mine and pollution of cadmium (II) and lead (II) in wastewater, magnesium

silicate hydrate (M-S-H) was synthesized from coal-gangue by

thermochemical. M-S-H had removed Cd(II) and Pb(II) by adsorption. The

characterization of M-S-H and adsorption effects factors, including initial

solution pH, initial metal concentration, adsorbent dose, temperature,

reaction time, and coexisting ions were explored for adsorption

performance. The solution pH was precisely controlled by a pH meter. The

adsorption temperature was controlled by a thermostatic gas bath oscillator

with an error of ±0.3. These results from this study revealed that M-S-H surface

area increased from 8.12 to 26.15 m2/g with a pore volume of 0.12 cm3/g. The

maximum adsorptions of Cd(II) and Pb(II) by M-S-H were 59.52 and

83.33 mg g−1, respectively. The adsorption performance for Cd(II) and Pb(II)

reached saturation at pH 5, temperature 25°C, M-S-H 6 g/L, reaction time

90 min, and metal concentration 300 mg/L. Cd(II) and Pb(II) adsorption were

spontaneous and endothermic and well fitted with the pseudo-second-order

kinetic and Langmuir isotherm adsorptionmodels. The adsorption mechanisms

were electrostatic interaction, ion exchange, and surface complexation. This

research indicated that the synthesizedM-S-H from coal gangue was efficiently

eliminated metal ions from water, opening up new possibilities for coal gangue

reuse.
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Introduction

Due to the over-exploitation of mineral resources and rapid

industrialization, the trace metal contamination of the water

bodies had become a danger to human health and ecological

stability (Li et al., 2019). Among the trace elements, cadmium (II)

and lead (II) had been classified as the most toxic elements, and

the release of these metals in the water had been strictly

controlled (Gao et al., 2020). An excessive amount of Cd(II)

and Pb(II) would influence human healthy via the food chain,

causing severe abnormalities like lung cancer, neurasthenia, and

Itai-Itai disease, impaired brain functions, and central nervous

system (Zhang et al., 2010). Therefore, removing Cd(II) and

Pb(II) from wastewater had become very important to provide

clean water to the living bodies and gained significant importance

for researchers (Zhang et al., 2021).

So far, multiple technologies were applied to eliminate Cd(II)

and Pb(II) from wastewater, including complexation, chemical

precipitation, adsorption, reverse osmosis, and electrodialysis

(Liu and Zhang, 2018). Among these approaches, adsorption

was considered the most acceptable treatment method because of

its excellent efficiency, ease of handling, and economical (Jin

et al., 2022; Sun et al., 2020). For this purpose, the choice of

adsorbent was vital to achieving optimal performance.

Commonly adsorbents for Cd(II) and Pb(II) removal

contained biochar (Yu et al., 2021), cellulose (Qu et al., 2020),

zero-valent iron nanoparticles (Febrianto et al., 2009), and

activated carbon (Zhang et al., 2021). However, the majority

of them were expensive and might result in secondary pollution.

Thus, the development of cost-effective adsorbents exhibiting

high adsorption capability, environment-friendly and long-term

stability, green and straightforward operation, and effective

regeneration focused on modern research.

Magnesium silicate hydrate (named M-S-H) was an excellent

absorbent for eliminating toxic metal ions from wastewater (Liu

et al., 2015; Nied et al., 2016). The primary chemical composition

of M-S-H was MgO-SiO2-H2O, which could be varied within a

specific range. The basic crystal structural unit of M-S-H was

comparable to the 2:1 or 1:1 Mg-Si phyllosilicates (Lothenbach

et al., 2015). Similarly, it previously reported that vermiculites

had a crystal structural unit of M-S-H that could be efficient

adsorption Cd and Pb in an aqueous solution (Alexandre-Franco

et al., 2011). Moreover, sepiolite (8MgO·12SiO2·6H2O·nH2O)

could reduce available Pb fromwater and soil thanmicroparticles

(Alvani et al., 2019). The most popular approach for making

M-S-H was to use magnesium oxide and silica fume at a high cost

and had considerable mass production limitations (Wang and

Fan, 2020).

Currently, the synthesis of M-S-H from solid wastes or

mineral matter as a raw material received further attention

(Millán-Corrales et al., 2020). In this regard, China had a

significant reserve of coal-gangue resources, which were of

significant social and economic value. Coal-gangue was the

most common industrial solid wastes, reaching approximately

4.5 billion tons in 2019 in China (Koshy et al., 2019). SiO2 and

Al2O3 were the main chemical constituents of coal-gangue.

Previous studies had shown that modified coal-gangue had

much potential for removing Cd and Pb from wastewater

(Cao et al., 2016; Shang et al., 2019). However, the

synthesized M-S-H from coal-gangue and its application in

the water to remove metal ions were not studied.

Hence, the current research was planned to discuss the

adsorptive interactions of Cd(II) and Pb(II) by M-S-H

synthesized from coal-gangue with an aim to establish the

adsorption isotherm and kinetics model. Furthermore, batch

experiments, including initial metal concentrations, initial pH,

adsorbent dose, temperature, reaction time, and coexistence ions,

were performed. Finally, the adsorption mechanism was

discovered according to adsorption data and characterization

findings. This research provided a new method for synthesized

M-S-H and removing heavy metals.

Materials and methods

Raw materials

Coal-gangue (named CG) was brought from the Guqiao coal

mine, a traditional coal production site, in Huainan, Anhui

Province, China. CG was mainly composed of Al2O3 and SiO2,

accounted for 81.64% of the total weight percent (Table 1). Besides,

the CG surface area was 8.12 m3/g, and pore volume was 0.016 cm3/

g. All chemicals used were analytical grade in the experiment,

including Mg(OH)2, Pb(NO3)2, NaNO3, KNO3, Fe(NO3)3·9H2O,

Ca(NO3)2, Cd(NO3)2·4H2O, HNO3, and NaOH. Deionized water

was used throughout the tests.

Preparation of M-S-H

The CG sample was crushed to less than 2 cm using a boulder

cracker and then dried at 80°C before grinding into power.

TABLE 1 Chemical content of coal gangue (wt%).

Sample Al2O3 SiO2 Fe2O3 SO3 K2O Na2O MgO CaO LOI

CG 35.81 45.83 4.10 0.76 1.56 0.27 1.16 1.12 9.39
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Subsequently, the sample was thoroughly blended with

Mg(OH)2, and the MMg/Si ratio was 0.6. Afterward, the

composite samples were calcinated at 700°C for 1 h in a

Muffle furnace. Finally, the composite samples were cooled

down and cured for 7 days at room temperature. The grain

size of the synthesized M-S-H was 0.16 mm. The powdered

phase was the original phase of the produced M-S-H.

Characterization methods

The specific surface area and pore diameter were explored

with a specific surface area analyzer (Tristar II 3020 M,

United States). X-ray fluorescence spectrometry (XRF-1800,

Japan) was analyzed to characterize the primary composition

of CG (wt%). Fourier transform infrared spectroscopy (FTIR,

Nicolet 8,700, United States) was performed for the study of the

structure; scanning electron microscopy (SEM, United States)

was used for mineralogical composition, and X-ray powder

diffraction (XRD, TTR-III, Japan) was explored to the

microscopic morphology. Moreover, XRD patterns were

recorded in the 2θ range (10–70°) with Cu-K (λ = 0.154 nm).

The FTIR analysis of the samples was performed in the

wavenumber between 400 and 4,000 cm−1. The

thermogravimetric analysis (TG) was performed on a

Shimadzu DTG-60H instrument (Japan), heating between

ambient temperature and 1,000°C in an N2 atmosphere. The

zeta potential was determined by a Zetasizer ZS instrument

(NANOPLUS 3, United States). And surface elemental

composition was measured by X-ray photoelectron spectrum

(XPS, KRATOS, AXIS SUPRA+, United States).

Adsorption analysis

A series of 15 ml polyethylene tube containing 10 ml Cd(II)

and Pb(II) solution with an initial metal concentration

(25–1,000 mg/L) and initial pH (2.0–6.0) were added with a

specific dose of M-S-H (2–10 g/L), then shaken at 200 rpm/min

with various temperatures (25–45°C) and time (1–180 min) in a

thermostatic gas bath oscillator, respectively. 0.1 M NaOH and

HNO3 adjusted the solution pH. The test error was controlled

within ±0.3.

After adsorption, the liquids were separated from the solids

after oscillation, followed by filtration with a 0.45 μmmembrane.

The filtrate samples were analyzed using an atomic absorption

spectrometer (AAS, AA800, United States). The adsorption

kinetics, isotherm, and thermodynamics models used during

the adsorption analysis were performed in Supplementary

Table S1 (Yousef et al., 2011).

Recycling performance of M-S-H was carried out as

follows: 0.1 g of M-S-H was treated with 0.1 M HNO3

solution for Cd(II) and Pb(II) desorption. The residue was

rinsed with ethanol and water after the first oscillation, and

the regenerated composite was tested for the repeated

adsorption of Cd(II) and Pb(II) under the same condition.

Adsorption analysis in coexistence cation was performed as

follows: 6 g/L M-S-H was mixed with Na+, K+, Ca2+, and Fe3+,

respectively. The mixture oscillated for 90 min at 25°C and pH 5.

The initial concentration was 300 mg/L for each cation. The

pH value was kept constant during the experiment.

The adsorption capacity (qt, mg/g) was calculated by Eq. 1. In

addition, the removal efficiency (E, %) was determined by Eq. 2

(Qu et al., 2020):

qt � (C0 − Ct)/m (1)
E � ((C0 − Ct)/C0) × 100 (2)

where Co and Ct (mg·L−1) are the initial and final concentrations

of metal in the solution, respectively, m (g) is the mass of

adsorbent in 1 L solutions.

Results and discussion

Characterization of the CG and M-S-H

SEM presented that the CG surface was rough with large

particles and irregular distribution (Figure 1A). However, the

M-S-H particles were densely packed, with a regular and

uniform distribution (Figure 1B). The CG flocculent

particles adhered to the surface and pores of M-S-H after

CG modification. Beyond that, the M-S-H surface area

increased to 26.15 m3/g with a pore volume of 0.12 cm3/g,

which provided many reactive binding sites for Cd(II) and

Pb(II) adsorption (Wang et al., 2021).

XRD patterns showed that the significant mineralogical

phases of the CG included kaolinite (Al2O3 2SiO2 2H2O) and

quartz (SiO2). Comparing the XRD patterns of CG, the

kaolinite peaks in the M-S-H were almost absent

(Figure 1C). Previous studies showed that the OH− groups

in kaolinite were gradually removed at high temperatures,

destroying the internal mineral structure, then, the

coordination of Al changed from octahedral ([AlO6]
3-) to

tetrahedral ([AlO4]
5-), indicating its conversion to

metakaolin (Al2O3 2SiO2) (White et al., 2010). The

presence of MgO peaks in the samples suggested the

incomplete hydration of MgO. The broad peaks associated

with M-S-H were observed in the 2θ range 20–42°

(4MgO·6SiO2 7H2O) in CG. Sonat and Unluer supported

the results that the dissolved silica amount played a crucial

role in forming the hydrate phases (Sonat and Unluer, 2019).

Figure 1D presented the FTIR spectra of the samples cured

for 7 days. Raw CG revealed the stretching vibrations of the

outer and inner OH- groups at 3,696.39 and 3,620.70 cm−1,

respectively. Compared to the outer OH- groups, the inner

OH- groups exhibited higher strength, and they were located
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between the tetrahedral and the octahedral sheets. The outer

OH- groups could be combined with the oxygen atoms of the

next tetrahedral layer to form weak hydrogen bonds (Fitos

et al., 2015). The band at 913.61 cm−1 was corresponded to the

Al-O-H vibration, while the Si-O-Alvi vibration was related to

the band at 538.49 cm−1. Similarly, the peaks at 1,103.08 and

755.48 cm−1 originated from the Si-O-Si groups. Moreover,

the stretching peaks at 1,033.18, 696.18, and 471.51 cm−1

demonstrated the presence of Si-O-bands. For M-S-H, the

bands at 3,443, 3,445, and 3,446 cm−1 were attributed to the

stretching vibrations of the OH- groups in the crystal water.

The early strength development in the samples might be

associated with the formation of new hydroxyl bonds. The

bands at 2,918, 2,919, 2,921, 2,853, 2,854, and 2,856 cm−1 were

attributed to the stretching vibrations of C-H. The bands at

1,089, 1,090, and 1,091 cm−1 represented the stretching

vibrations of Si-O. The observed bands could have resulted

due to the presence of the residual silica or the formation of

new bands (i.e., Si-O-Mg bands). The bands at 776, 778, 794,

795 and 796 cm−1 originated from vibrations of the Si-O-

Si bond.

The CG weight decreased marginally from ambient to 100°C

because of the volatilization of adsorbed water and was in a clear

downward trend from 300 to 750°C due to the fixed carbon

combusting and volatiles escaping (Figure 1E). However,

compared with CG, the initial mass loss of M-S-H was

FIGURE 1
SEM observation (A,B), XRD patterns (C), FTIR spectra (D), and TG-DTG curves (E,F) of CG and M-S-H.
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decreased slightly due to the evaporation of the interlayer and

adsorbed water from ambient temperature to 600°C (Figure 1F).

Subsequently, the mass loss increased significantly in the

temperature range 600–780°C, and the OH− groups had

broken down (Lothenbach et al., 2015). After 780°C, the

curves became smooth, and the weight loss of the M-S-H did

not significantly change. These findings were suggesting that the

thermal stability of the M-S-H was improved compared with CG.

Effect of solution pH

Solution pH had a significant effect on the chemical species

and surface morphology of adsorbents (Xu et al., 2018). It could

see that the pH of zero charge of the synthesized M-S-H was 3.2

(Figure 2A). Thus, the M-S-H was positively charged at a pH of

2–3.2 and negatively charged in a range of pH 3.2–6. At pH < 3.2,

the positive charges on theM-S-H surface enhanced the repulsive

forces between the metal cations and other protons for the

binding sites, leading to a decrease in heavy metals removal

performance (Jiang et al., 2018). Beyond that, the corresponding

functional groups in the M-S-H, such as Al-OH and Si-OH, were

hard to protonate to form complexes with Cd(II) and Pb(II)

(Bernard et al., 2019; Roosz et al., 2015).

The solution pH value after the adsorption was increased

from 5.6 to 5.9. At pH > 3.2, the M-S-H with negatively

charged had strong electrostatic interactions to adsorption

FIGURE 2
The effect of solution pH (A), temperature (B), M-S-H dosage (C), and initial metals concentration (D) for adsorption ((A), 25°C [Cd(II)]0 = [Pb
(II)]0 = 300 mg/L, reaction time 90 min, 6 g/L M-S-H; (B), pH 5 [Cd(II)]0 = [Pb (II)]0 = 300 mg/L, 90 min, 6 g/L M-S-H; (C), 25°C, pH 5 [Cd(II)]0 = [Pb
(II)]0 = 300 mg/L, 90 min; (D), 25°C, pH 5, 90 min, 6 g/L M-S-H).

TABLE 2 Freundlich and Langmuir isotherms for Cd(II) and Pb(II)
adsorption.

Adsorbate Isothrom Parameters R2

Cd Freundlich KF(L·mg−1) N
0.85

12.49 4.01

Langmuir qm (mg·g−1) KL (L·mg−1)
0.98

59.52 0.05

534.32 45.69

Pb Freundlich KF(L·mg−1) N
0.80

21.31 3.67

Langmuir qm (mg·g−1) KL (L·mg−1)
0.99

83.33 0.43
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Cd(II) and Pb(II) in the solution. Besides, the Al-OH and Si-

OH groups deprotonated with the increased OH− and

provided more adsorption sites for the surface

complexation reaction with Cd(II) and Pb(II), which was

more supportive for adsorption (Xu et al., 2020). Moreover,

Pb(II) had a larger diameter and electric negativity than

Cd(II). So, the removal efficiency of Cd(II) was lower than

that of Pb(II) at pH 2–6.

The result of this work revealed that the solution pH was

related to the removal of Cd(II) and Pb(II) by synthesized

M-S-H. Moreover, the removal efficiency was enhanced

with the solution pH rose, reaching 99.00% at pH 6,

suggesting that the solution pH significantly contributed

to the metal adsorption. It also found some precipitates in

the aqueous solution at pH 6. Hence, from the results,

pH 5 was considered to be the optimal pH for further

research.

Effect of temperature and M-S-H dosage
and initial metals concentration

From Figure 2B, the adsorption efficiency of Cd(II) and Pb(II)

was improved as the temperature increased, indicated an endothermic

process (Shang et al., 2019). This was because that the breaking of

bonds (e.g., Al-OH and Si-OH) required to absorb energy, while the

binding of bonds with Cd(II) and Pb(II) needed to release energy.

M-S-H could provide more binding sites for adsorption when the

breaking rate of old bands was higher than the formation of new

bands. The removal efficiency of Cd(II) and Pb(II) already reached

over 99.00% at 25°C. So, the temperature at 25°C was selected for

further study from the perspective of energy saving.

Besides, a larger dosage of the M-S-H could provide more

reactive binding sites, function groups, porous structure, and surface

area, leading to the removing Cd(II) and Pb(II) increased

considerably. The Cd(II) and Pb(II) had been almost removed at

TABLE 3 Comparison of Cd(II) and Pb(II) adsorption onto M-S-H synthesized by coal-gangue with other adsorbents.

Adsorbent Pollutant qmax (mg/g) References

Biomass-derived carbon Cd(II) 40.65 Guo et al. (2017)

Nanoscale zero-valent iron 48.63 Li et al. (2018)

Modified fly ash 56.31 Huang et al. (2020)

coal fly ash 32.98 Wang et al. (2018)

Sepiolite Pb (II) 34.7 Alvani et al. (2019)

Chitosan-pyromellitic dianhydride modified biochar 13.98 Deng et al. (2017)

Oxidized pine wood hydrochar 46.7 Madduri et al. (2020)

Hydrochar/Mg/Al-LDHs composites 62.4 Luo et al. (2020)

M-S-H Cd(II) 59.52 This study

Pb (II) 83.33

TABLE 4 Thermodynamic parameters for Cd(II) and Pb(II) adsorption.

Adsorbate Temperature (C) K0 ΔG0 ΔH0 ΔS0

(kJ·mol−1) (kJ·mol−1) (J·mol−1·K−1)

Cd 25 2,499.9 −20.27 62.04 146.02

30 833.23 −20.48

35 624.90 −20.95

40 499.90 −23.38

45 416.57 −23.95

Pb 25 2,499.9 −21.02 57.23 125.48

30 2,272.63 −21.61

35 1785.61 −23.17

40 833.23 −23.47

45 624.90 −24.38
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M-S-H of 6.0 g/L within an initial metal concentration of 300 mg/L

(Figure 2C,D).

Adsorption kinetics

The most effective adsorption mechanism and time could be

obtained by fitting the kinetic adsorption parameters (Zhao et al.,

2016). Moreover, the kinetic adsorption models for Cd(II) and

Pb(II) displayed similar trends (Supplementary Figure S1). The

instantaneous adsorption of Cd(II) and Pb(II) enhanced sharply

in the first 30 min due to the instant diffusion of metal ions to

adsorption sites on the outer surface of the material in the

aqueous solution. Then, the adsorption capacity gradually

decreased, suggesting metal ions entered the internal pores of

M-S-H during the 30–90 min. The adsorption capacity slowly

rose to a stable value until the adsorption reached an equilibrium

state from 90 to 180 min due to the enhanced diffusion resistance

FIGURE 3
The XPS spectra (A–C) and SEM-ESD (D–F) of M-S-H before and after adsorption of Cd(II) and Pb(II).
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in the pores. The two kinds of kinetic models were displayed in

Eqs 3, 4 (Supplementary Table S1), respectively. The correlation

coefficient (R12 > 0.99) of the pseudo-second-order kinetic

model was observed to be much higher than that of the

pseudo-first-order kinetic model (Supplementary Table S2). In

other words, the pseudo-second-order kinetic model effectively

fitted the adsorption process of Cd(II) and Pb(II).

Adsorption isotherms

Freundlich and Langmuir adsorption isotherms were applied to

explore Cd(II) and Pb(II) sorption behavior on M-S-H. The non-

linear forms of the adsorption isotherm models were expressed in

Eqs 5, 6 (Supplementary Table S1). The Langmuir isotherm model

described a uniformly and monolayer adsorption (Eq. 5), while the

Freundlich isothermmodel supposed that the sorption happened on

the heterogeneous adsorbent surface in the form of multi-layers (Eq.

6). As observed from Supplementary Figure S1 and Table 2, the

adsorption data of Cd(II) and Pb(II) exhibited a superior R2 value,

confirming the homogenous monolayer on the adsorbents. The

Langmuir isotherm model showed that the maximum adsorptions

of the M-S-H for Cd(II) and Pb(II) were 59.52 and 83.33 mg/g,

respectively. Table 3 confirmed that M-S-H developed in this study

exhibits superior adsorption performance than the previously

reported adsorbents.

Adsorption thermodynamics

Enthalpy change (ΔH0, kJ·mol−1), Gibbs free energy (ΔG0,

kJ·mol−1) and entropy change (ΔS0, J·mol−1·K−1) were expressed as

Eqs 7–10 (Supplementary Table S1), respectively. They determined

the possibility of adsorption and the degree of difficulty of the

adsorption process. In general, the ΔG0 value for the physical

adsorption ranged from −20.0 to 0.0 kJ mol−1, and the

physicochemical adsorption ranged from −80.0 to −20.0 kJ mol−1,

while the chemisorption was between −40.0 and −80 kJ mol−1

(Schwaab et al., 2017). From Table 4, the negative values of ΔG0

presented that the process was spontaneous physicochemical

adsorption on the liquid-solid interface. Furthermore, it was more

favorable to adsorption at higher temperatures due to a lower ΔG0

value with the increasing temperature from 25 to 45°C. The positive

values ofΔH0 andΔS0 once again proved the endothermic nature and

increased entropy during adsorption. It confirmed that the

randomness of the liquid-solid interface was enhanced as the

adsorption proceeded (Xu et al., 2020).

Recycling and regeneration performance

Recycling and regeneration performance were important indexes

to evaluate the process efficiency and economic benefit of an

adsorbent. The experimental data were carried out at [Cd(II)]0 =

[Pb (II)]0 = 300mg/L, 25°C, 90 min, pH5 andM-S-H6 g/L. Although

the removal efficiency of Cd(II) and Pb(II) was droppedwith the cycle

number increased (Supplementary Figure S3), the removal efficiency

remained relatively high (86.35% for Cd(II) and 84.21% for Pb(II))

despite six adsorption/desorption cycles. These results showed that the

M-S-H had an excellent recyclability property for multi-time usage.

Effect of coexisting ions

It usually contained many coexisting ions in the contaminated

wastewater, such as Na+, K+, Ca2+, and Fe3+. The coexisting ions Ca2+

and Fe3+ had a significant effect on removing Cd(II) and Pb(II)

(Supplementary Figure S4). However, Cd(II) and Pb(II) removal

changed little with Na+ and K+ presented in the solution,

respectively. The high valent ions (Ca2+ and Fe3+) had an

advantage over lower valent ions (Na+ and K+), which could be

preemptive combine with the functional groups on the M-S-H and

unfavorable for Cd(II) and Pb(II) adsorption (Wen et al., 2017).

Adsorption mechanism

To further understand the sorption mechanism of Cd(II) and

Pb(II) on M-S-H, the XPS spectra and SEM-EDS of M-S-H before

and after adsorption of Cd(II) and Pb(II) were presented in Figure 3.

According to the XPS spectra analysis, the prominent peaks of the

M-S-H before adsorption ions were Mg 1s, Si 2p, Al 2p, and O1s

(Figure 3A). The Cd 3 days and Pb 4f peaks were observed after

M-S-H adsorption, suggesting that Cd(II) and Pb were successfully

adsorption onM-S-H. Furthermore, the peak intensities ofMg 1s, Si

2p, and Al 2p decreased significantly after adsorption Pb(II) than

that after adsorption Cd(II). The O1s peak of M-S-H was 531.7 eV

FIGURE 4
The adsorption mechanisms of Cd(II) and Pb(II) onto M-S-H.
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and increased 532.1 eV and 532.4 eV after adsorption, respectively.

These results indicated that the functional groups had a greater

affinity to form Pb-O than Cd-O, such asMg-O, Si-OH, and Al-OH

(Zhang et al., 2021). The Cd 3 days spectrum was divided into two

peaks at 412.7 eV (Cd 3d5/2) and 406.1 eV (Cd 3d3/2), attributed to

cadmium silicate and oxide (Figure 3B) (Sun et al., 2018). Similarly,

peaks at 144.2 eV (Pb 4f 5/2) and 139.4 eV (Pb 4f 7/2) were

corresponded to lead silicate and oxide (Figure 3C) (Nied et al.,

2016). The SEM-EDS mapping showed that the Cd2+ sites

overlapped with most Pb2+ (Figures 3D,E). After adsorption, the

structure of M-S-H became more condensed, and the internal pore

diameter became smaller after being filled with ions (Figure 3F).

To sum up, there were three possible adsorption mechanisms

(Figure 4). First, at pH > 3.2, M-S-H with negatively charged had

strong electrostatic interactions to adsorption Cd(II) and Pb(II).

Second, Mg2+ was replaced with Cd2+ to form a crystalline or

phase containing Cd silicate due to the similar electronegativity

and the ionic radius of Cd2+ to Mg2+ (Gougar et al., 1996). Pb2+

was stabilized in the interlamellar structure and attached to the silica

tetrahedron at the end of the M-S-H after replaced Mg2+. Thus, Cd2+

and Pb2+ could replace Mg2+ by ion exchange in the M-S-H. Finally,

surface complexation with Mg-O/Si-OH/Al-OH formed Cd(II) and

Pb(II) complexes, such as Mg-O-Cd/Pb, Si-O-Cd/Pb, and Al-O-

Cd/Pb.

Conclusion

In our work, the M-S-H was successfully synthesized from coal-

gangue by thermochemical, providing a practical use for coal-gangue.

For M-S-H, the surface area increased to 26.15 m3/g with a pore

volume of 0.12 cm3/g.Moreover, the coordination ofAl changed from

octahedral to tetrahedral, and the kaolinite peaks were almost absent.

The thermal stability of M-S-H was improved. M-S-H exhibited

excellent adsorption properties for use as an adsorbent for removing

water contaminants. The pseudo-second-order kinetic and Langmuir

isotherm models effectively described the adsorption behavior of

Cd(II) and Pb(II). The adsorption mechanisms were electrostatic

interaction, ion exchange, and surface complexation. The adsorption

performance for Cd(II) and Pb(II) reached saturation at pH 5,

temperature 25°C, M-S-H 6 g/L, reaction time 90 min, and metal

concentration 300mg/L. The maximum adsorptions of Cd(II) and

Pb(II) by M-S-H were 59.52 and 83.33 mg g−1, respectively. The

M-S-H may also be used to remove other cations in practical

applications, such as silver and mercury, explored in the future.
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