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A B S T R A C T   

A low-cost composite adsorption material has been synthesized from fishery wastes and natural minerals to 
address challenges such as ecological balance destruction caused by high concentrations of Pb and Cd in acid 
mine drainage (AMD), unreasonable use of low-caloric lignite, and environmental pollution caused by idle 
accumulation of oyster shells. This new adsorbent can effectively treat AMD by improving acidity and adsorbing 
Pb2+ and Cd2+. In this study, oyster shell-modified lignite composite in globular shape (OSL-G) was synthesized 
by using pyrolyzed oyster shell and lignite, with the addition of bentonite adhesive. The adsorption properties of 
OSL-G on AMD were evaluated, and the potential mechanism of OSL-G repairing AMD was explored. The results 
showed that when the mass ratio of oyster shell to lignite was 1:1, oyster shell-modified lignite composite (OSL) 
was synthesized at 900 ◦C for 20 min. When the adhesive content was 15.50 %, the roasting temperature was 
640 ◦C, and the roasting time was 2.35 h, OSL-G was synthesized and the adsorption effect was the best. The OSL- 
G could effectively treat AMD with pH 4 ~ 5 and initial Pb2+ and Cd2+ concentrations of 10 mg/L within 600 
min at a dosage of 4 g/L. The OSL-G adsorption process followed the quasi-second-order kinetic model and the 
Freundlich model. The maximum adsorption saturation capacities of Pb2+ and Cd2+ were 107.2821 mg/g and 
8.3777 mg/g at 298.15 K, respectively. The adsorption process was a multistep controlled spontaneous endo-
thermic process. The potential mechanism was mainly the adsorption-condensation coexistence results of elec-
trostatic adsorption, neutralization precipitation, ion exchange, and surface complexation. The removal rates of 
Pb2+ and Cd2+ of the recovered OSL-G (ROSL-G) were still high, reaching 57.26 % and 50.38 % after 5 times of 
adsorption–desorption, respectively. The applicability of ROSL-G after adsorption–desorption for other heavy 
metal components in AMD proved its good application potential. This study suggested that OSL-G can be used as 
a promising environmentally friendly adsorbent for AMD. This study provided a broad picture of the manage-
ment and reuse possibilities of fishery wastes and natural mineral resources, and addressed established, current, 
and potential strategic needs, particularly in terms of sustainability challenges and ecological civilization 
construction.   

1. Introduction 

AMD Acid mine drainage (AMD) is usually in the process of mineral 
mining, produced by the oxidation of sulfur-containing minerals in 
contact with air or water oxygen. Among the 14 large mineral resource 
production bases of 100 million tons in China, 11 of them are facing 
serious water shortages. Among them, Shaanxi, Gansu, Ningxia, Shanxi, 

Inner Mongolia, and other western coal base output reached more than 
70 % of the national total coal production, but the water resources 
accounted for only 3.9 % of the national total (Zhang et al., 2023a,b). 
The discharge of mine wastewater accounts for about 10 % of the total 
industrial wastewater discharge in China. Among them, AMD is the most 
widely polluted and harmful (Liphadzi and Vermaak, 2017). Its acidity 
is high, the pH is generally between 2 and 4, a few can reach 6, and 
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contains Fe, Mn, Cu, Zn, Pb, Cd and other heavy metals (Rodríguez- 
Galán et al., 2019; Akinwekomi et al., 2020). Pb and Cd are non- 
essential elements for the human body and are highly toxic, both of 
which will cause irreversible damage to the human body (Du et al., 
2022). Therefore, it is necessary to further research on the treatment of 
Pb and Cd in AMD, to prevent or reduce their harm to the environment 
and human health. 

At present, the conventional treatment technologies of AMD include 
neutralization and adsorption methods. The neutralization method with 
the addition of an alkaline neutralizer is a popular water treatment 
method (Alakangas et al., 2013). The process of this method is simple 
and low-cost, but it also faces the problems of difficult follow-up treat-
ment of reaction products and easy to cause secondary pollution (Maree 
et al., 2013; Iakovleva et al., 2015). The adsorption method is widely 
recognized as the most effective technology for wastewater treatment, 
which has the advantages of wide sources, various types, low cost, high 
treatment efficiency, and convenient operation (Melo et al., 2015; 
Zendelska et al., 2018; Lee et al., 2022). The low-cost adsorbent mate-
rials include biological adsorbent materials (Znad et al., 2022), polymer 
adsorbent materials (Upadhyay et al., 2021), natural mineral adsorbent 
materials (Zhang et al., 2021; Cheng et al., 2023a,b), and industrial and 
agricultural solid waste adsorbent materials (Zhou et al., 2022; Zhang 
et al., 2022). The adsorption material is crucial for the adsorption 
method used to treat wastewater. It is of utmost importance to discover 
new adsorption materials that are efficient, affordable, and readily 
available. The future of AMD treatment lies in the development of 
environmentally friendly and cost-effective adsorption materials. 
Because AMD pollution is composed of complex and diverse compo-
nents, dealing with it is challenging. Depending on a single material or 
treatment technology to address AMD has limitations. In water treat-
ment processes, it is common to combine two or more treatment 
methods and materials to improve the capacity to treat water pollutants 
(Ren et al., 2022; Nkuna et al., 2023). With this in mind, this study aims 
to develop a composite material that combines the benefits of adsorption 
and neutralization methods to effectively treat AMD. 

Lignite, a natural mineral product, is abundant and widely distrib-
uted in China. It has a rich specific surface area and a well-developed 
pore structure, providing numerous adsorption sites for heavy metal 
ions (Jellali et al., 2021). In addition, the inherent structure of lignite 
often contains a significant amount of active oxygen-containing groups 
(Mlayah et al., 2021). This characteristic imparts weak acidity, hydro-
philicity, and excellent cation exchange capacity to lignite, enabling it to 
engage in complex physical and chemical adsorption reactions with 
heavy metal ions. Bao et al. (2021) selected 200 mesh lignite to treat 
800 mg/L AMD, and the saturated adsorption capacities of lignite for 
Zn2+ and Cu2+ in AMD were 55.5 mg/g and 67.84 mg/g, respectively. 
Natural lignite as an adsorbent for the treatment of AMD has the ad-
vantages of economy, easy availability, and excellent effect. However, 
considering the adsorption capacity, adsorption selectivity, and 
neutralizing acidity of the adsorbent, the actual application of lignite is 
often modified, processed with other materials, or combined with 
aluminum salt, iron salt, and other flocculants to improve its adsorption 
capacity. Huang et al. (2019) conducted a study in which they treated 
lignite with nitric acid. The results showed that the pore size of the 
lignite increased, while the specific surface area decreased. In addition, 
the treatment led to an increase in polar oxygen-containing functional 
groups such as hydroxyl, carboxyl, and carbonyl groups on the surface, 
as well as the introduction of nitro groups. These changes enhanced the 
surface electronegativity, polarity, and hydrophilicity of lignite. The 
adsorption capacity of Pb2+ for lignite increased from 14.45 mg/g to 
30.68 mg/g after the treatment. Wang et al. (2022) produced calcium- 
modified lignite-derived humin (Ca-CHM) by Ca(OH)(2) and used it 
for the adsorption and removal of Cd2+. The weak aliphatic polarity and 
strong aromatic polarity of Ca-CHM were favorable for the adsorption of 
Cd2+, and the maximum adsorption capacity of Ca-CHM for Cd2+ was 
41.84 mg/g. 

Oyster is a kind of Marine biological resource in the world, which has 
high economic value. The edible part is mainly processed, and the oyster 
shells are discarded or landfilled, leading to environmental pollution 
and resource waste (Tudor et al., 2006; Tamjidi and Ameri, 2020). The 
composition of oyster shell is composed of calcium-dominated minerals 
and organic matter, and the structure of oyster shell is an ordered multi- 
microlayer structure formed by the self-assembly of calcium carbonate 
on the macromolecular framework of organic matter. The surface of 
oyster shells is porous, rich in CaCO3 and CaO, alkaline, and has good 
potential to neutralize acid and absorb heavy metals (Hsu, 2009; Bai 
et al., 2023). Xu et al. (2019) used oyster shell powder as a heavy metal 
adsorption material to compare its adsorption effects on Cu, Cd, and Pb 
in a single system and a co-existing system. The results showed that the 
order of adsorption capacity of oyster shell powder for the three metals 
in any system was Cu > Pb > Cd. Yen and Li (2015) applied the Taguchi 
method to remove Ni(II) by calcined oyster shell powders (OSP). When 
the optimum calcined temperature of OSP is 900 ◦C, the Ni(II) can be 
removed almost completely. The greater the calcination temperature, 
the higher the adsorption capacity. This is due to the large number of 
porosities created at the calcination temperature of 900 ◦C. The poros-
ities generate a large amount of cavities which significantly increase the 
surface area for adsorption. Studies have shown that the high- 
temperature treatment of oyster shells will decompose the carbonate 
components into more alkaline CaO, which is accompanied by the 
escape of CO2, which is conducive to enhancing its alkalinity release 
ability and increasing its porosity, but at the same time will lead to the 
increase of the agglomeration of oyster shell powder. Shi et al. (2022) 
loaded iron-manganese oxide (FMBO) on calcined oyster shells by hy-
drothermal method to prepare FMBO/OS composite material, which not 
only solved the defects of difficult separation and easy agglomeration of 
FMBO particles but also effectively adsorbed and removed As(III) in 
water. Therefore, oyster shells can be combined with other natural 
mineral materials that have good potential for water treatment. This 
combination allows for the advantages of both adsorption materials to 
be utilized, addressing the limitation of using a single adsorption ma-
terial for pollutant treatment and enhancing overall water treatment 
capacity (Zhou et al., 2022; Liu et al., 2023). 

The main purpose of this study is to develop a new low-cost com-
posite adsorbent for the treatment of AMD containing Pb2+ and Cd2+ by 
combining the advantages of neutralization and adsorption. This 
adsorbent is synthesized by using natural minerals (lignite) with a good 
heavy metal adsorption effect as the carrier, loaded with marine solid 
wastes (oyster shells) that can release alkalinity. The optimum prepa-
ration conditions of OSL-G were determined through batch experiments 
to achieve the best adsorption capacity and application potential. The 
adsorption properties of OSL-G were evaluated and the potential 
mechanism was explored. The use of OSL-G as an adsorbent highlights 
its broad prospects for AMD remediation. The novelty aspect of this 
study is to find a new solution for the treatment of AMD. Meanwhile, it 
can alleviate the environmental pressure caused by oyster shells and the 
unreasonable use of low-caloric lignite. Moreover, it can achieve the 
purpose of treating waste of waste, practicing the concept of green mine 
development, and responding to the strategic needs of ecological civi-
lization construction. 

2. Materials and methods 

2.1. Materials, chemicals, and simulated AMD 

The lignite used in this experiment was obtained from Shanxi Fuhong 
Mineral Products Co., LTD (Shanxi, China). It was thoroughly cleansed 
with deionized water, dried at 105 ◦C in a blast drying oven for 24 h, and 
subsequently crushed to 80 ~ 100 mesh using a high-speed grinder. 
Finally, it was screened, and saved for later. The oyster shells used in this 
experiment were purchased from a market in Fuxin City, Liaoning 
Province, China. To exclude the influence of other factors, the residual 
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impurities on the surface of oyster shells should be removed and cleaned 
with deionized water several times. Then placed them in a blast drying 
oven at 105 ◦C for 48 h. Once naturally cooled, they were crushed with a 
high-speed grinder until the particle size was 100 ~ 200 mesh, then 
screened, and saved for later. The bentonite used in this experiment was 
calcium bentonite purchased from Shanlinshiyu Mineral Products 
Company (Hunan, China). 

All chemical reagents are analytically pure and have not been further 
purified. HNO3 was purchased from Shenyang Huadong Reagent Fac-
tory (Shenyang, China), Pb(NO3)2, Cd(NO3)2 and NaOH was purchased 
from Liaoning Quanrui Reagent Co., LTD. (Shanghai, China). All glass-
ware is soaked in HNO3 (10 %) solution for at least 24 h and then ul-
trasonic cleaned. After repeated wetting with deionized water, then 
dried in a constant temperature oven for later use. 

The concentration range of pollutants(Pb, Cd) in the mine water of a 
Mining Co., Ltd. in Huludao, Liaoning Province, China was taken as a 
reference (Table 1). Pb(NO3)2 and Cd(NO3)2 were used as raw materials 
to prepare simulated AMD containing Pb2+ and Cd2+. Its water quality 
index was C0(Pb2+) = 50 mg/L, C0(Cd2+) = 10 mg/L, pH = 4. Adjust the 
pH value by adding 0.1 M of HNO3 or 0.1 M of NaOH solution. All 
experimental water samples were used in the current configuration and 
are not retained. 

2.2. Preparation of OSL-G composites 

The preparation process of OSL-G consists of three parts. First, the 
prepared 5 g oyster shells with a diameter of 100 ~ 200 mesh were put 
into the crucible tongs and pyrolyzed in the muffle furnace. The pyrol-
ysis temperature was set as 750 ◦C, 800 ◦C, 850 ◦C, 900 ◦C, 950 ◦C, and 
1000 ◦C, and the pyrolysis time was set as 10 min, 20 min, 30 min, 60 
min, 90 min, and 120 min. The pyrolyzed oyster shells were immersed in 
250 mL deionized water and treated with ultrasound for 1.5 h to obtain 
the pyrolyzed oyster shell suspension. Second, the lignite with a particle 
size of 80 ~ 100 mesh was added to the suspension, the mass ratio of 
lignite to oyster shells was set as 1:3, 1:2, 1:1, 2:1 and 3:1, and the 
mixture was stirred in a constant temperature magnetic stirrers at 800 
rpm for 6 h at room temperature to obtain the mixture. The mixture was 
transferred to an oven at 105 ◦C for drying to remove water, and (x, y, z) 
OSL composites were obtained, where x was the pyrolysis temperature 
of oyster shells, y was the pyrolysis time of oyster shells, and z was the 
mass ratio of lignite to oyster shells. Third, the OSL composites and 
bentonite adhesive (the content was 0 %, 5 %, 10 %, 15 %, 20 %, and 30 
%) were added to a certain amount of deionized water, so neither hard 
nor soft was appropriate, repeatedly and fully kneaded to uniform, by 
squeezing the ball method made of about 3 ~ 5 mm balls and sealed 
aged for 12 h. The aged pellets were put into the crucible tongs, and 
placed in the muffle furnace preheated to 250 ◦C, then heated to a 
certain temperature (400 ◦C, 500 ◦C, 600 ◦C, 700 ◦C, and 800 ◦C) and 
roasted for a while (0.5 h, 1 h, 1.5 h, 2 h, and 2.5 h). After taking out, the 
pellets were cooled naturally to obtain (x, y, z) OSL-G composites. 
Where x was the adhesive content, y was the roasting temperature, and z 
was the roasting time. 

2.3. Batch experiments 

The adsorption behavior of Pb2+ and Cd2+ by (x,y,z) OSL and (x,y,z) 
OSL-G composites was studied in batches at room temperature. 0.2 g/L 
(x,y,z) OSL and 4 g/L (x,y,z)OSL-G were added to 50 mg/L Pb2+ and 10 
mg/L Cd2+ simulated solutions with pH = 4, respectively, and adsorbed 
in a 150 rpm thermostatic oscillator for 24 h. After the reaction, the 
samples were removed by pipetting gun and filtered by 0.45 μm 
microporous membrane. The residual concentrations of Pb2+ and Cd2+

in the simulated solutions were measured under different preparation 
conditions (pyrolysis temperature of oyster shells, pyrolysis time of 
oyster shells, mass ratio of lignite to oyster shells, adhesive content, 
roasting temperature, and roasting time), and the removal rate (Re) and 
adsorption capacity (qe) were calculated by Eqs. (A.1) and (A.2). 

Based on the above single-factor test, a three-factor, three-level 
Response Surface Methodology (RSM) was designed using the Box 
Behnken Design (BBD) model. The adhesive content (A, %), roasting 
temperature (B, ◦C), and roasting time (C, h) were selected as the vari-
ables. The removal rate of Pb2+, the removal rate of Cd2+, the loss rate of 
OSL-G, and the pH after reaction were taken as the response values. The 
interaction between the three factors and further optimization of the 
preparation conditions was analyzed. In this experiment, a total of 17 
groups of experiments were designed. Design-expert 8.0 software was 
used to carry out fitting analysis on the experimental data, and the 
quadratic response regression equation between each variable and the 
response value was obtained. Moreover, Fisher’s statistical test was used 
for the analysis of variance (ANOVA) to obtain the interaction between 
the variable and the response value, and to evaluate the quality of 
“goodness of fit”. 

The OSL-G obtained under the above optimum preparation condi-
tions was selected for subsequent adsorption experiments. The effects of 
different factors (adsorbent dosage, initial pH, initial concentration, and 
binary metal system) on the adsorption of Pb2+ and Cd2+ by OSL-G were 
investigated. Batch experiments were conducted at room temperature 
and in a 150 mL conical flask at 150 rpm. The effect of adsorbent dosage 
(1 g/L, 2 g/L, 3 g/L, 4 g/L, 5 g/L, and 6 g/L) on the adsorption of Pb2+

and Cd2+ by OSL-G was studied. The effect of initial pH (2, 3, 4, 5, and 6) 
on the adsorption of Pb2+ and Cd2+ by OSL-G was studied by adjusting 
the pH with 0.1 M HNO3 solution. The effect of initial concentration of 
Pb2+ and Cd2+ (10 mg/L, 30 mg/L, 50 mg/L, 70 mg/L, 100 mg/L, pH =
4) on the adsorption by OSL-G at different temperature systems (15 ◦C, 
25 ◦C, and 35 ◦C) was investigated. Pb2+ and Cd2+ coexist in AMD, so it 
is necessary to set up binary competitive adsorption experiments. The 
adsorption effect of Pb2+ and Cd2+ by OSL-G in a binary metal system 
was investigated, and the binary competition between non-equal 
amounts of Pb2+ and Cd2+ was investigated. The Pb-Cd mixture was 
configured (in which the concentration of Cd2+ was 10 mg/L, and the 
concentration of Pb2+ was 10 mg/L, 30 mg/L, 50 mg/L, 70 mg/L and 
100 mg/L, respectively, pH = 4). The Cd-Pb mixture was configured (in 
which the concentration of Pb2+ was 50 mg/L, and the concentration of 
Cd2+was 10 mg/L, 30 mg/L, 50 mg/L, 70 mg/L and 100 mg/L, 
respectively, pH = 4). 

The adsorption kinetics, adsorption isotherm, and thermodynamic 

Table 1 
Actual Water Quality of Mine Water in a Mining Co., Ltd. in Huludao (2018–2022).  

Actual Water Quality of Mine Water in a Mining Co., Ltd. in Huludao (2018–2022) 

Year pH Pb2+ (mg/L) Cd2+ (mg/L) 

Minimum Mean Maximum Minimum Mean Maximum Minimum Mean Maximum 

2018 2.12  4.51 5.47 20.57  47.15 55.36 2.87  9.52 15.48 
2019 2.11  4.03 5.33 18.65  44.58 50.24 3.89  9.87 12.54 
2020 2.36  3.49 6.14 35.14  55.24 75.45 4.36  11.27 16.25 
2021 2.14  3.69 6.02 30.78  52.36 70.56 5.24  10.56 17.52 
2022 2.45  3.85 5.89 22.65  48.23 50.50 2.66  9.45 12.69 
Average value —  3.91 — —  49.51 — —  10.13 —  
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behaviors of Pb2+ and Cd2+ were studied at different initial mass con-
centrations (10 mg/L, 30 mg/L, and 50 mg/L) and temperatures 
(288.15 K, 298.15 K, and 308.15 K). Pseudo-first-order kinetics, pseudo- 
second-order kinetics, and intra-particle diffusion kinetics were used to 
fit the adsorption kinetic data of Pb2+ and Cd2+ by OSL-G. The fitting 
models are shown in Eqs. (A.3)–(A.5). Langmuir model and Freundlich 
model were used to fit the adsorption isotherm data of Pb2+ and Cd2+ by 
OSL-G. The fitting models are shown in Eqs. (A.6) and (A.7). Gibbs free 
energy ΔG, entropy change ΔH, and enthalpy change ΔS were used to 
describe the thermodynamic behavior of Pb2+ and Cd2+ by OSL-G. The 
thermodynamic parameters are shown in Eqs. (A.8)–(A.10). 

2.4. Regeneration and application of ROSL-G 

In the regeneration experiment, the adsorbed and saturated ROSL-G 
containing Pb2+ and Cd2+ were washed several times with deionized 
water and dried in an oven at 80 ◦C for 24 h. The 4 g/L dried ROSL-G was 
added to the desorption solution of 100 mL 1 M NaOH, 0.1 M NaOH, 
H2O, 1 M HNO3, and 0.1 M HNO3, respectively. Oscillate in a shaker at 
150 rpm at 30 ◦C for 12 h. The concentrations of Pb2+ and Cd2+ in the 
solution were measured, and the desorption rate was calculated by Eq. 
(A.11). To explore the reusability of ROSL-G, the above optimal 
desorption solution was selected for subsequent reuse experiments. The 
separated ROSL-G was washed with deionized water to remove the 
desorption solution and dried in an oven at 50 ◦C for 24 h to determine 
the adsorption capacity of the recovered adsorbent for Pb2+ and Cd2+. 
After adsorption, ROSL-G was added to the optimal desorption solution 
again, and the second adsorption–desorption cycle experiment was 
carried out, and a total of 5 adsorption–desorption cycles were carried 
out in the experiment. 

The toxicity characteristic leaching procedure (TCLP) was carried 
out for evaluating heavy metal-leachability of adsorbent after 5 cycles. 
10 g of sample was put into a polypropylene bottle with 200 mL of 
leachant (0.1 M of CH3COOH, pH = 2.8, demineralized water) added 
(Pan et al., 2020). Then the polypropylene bottle was shocked at 40 rpm 
in a rotary agitator at 25 ◦C for 20 h. After extraction, the leachate was 
filtered and acidified to pH < 2 with HNO3, and then detected the 
concentrations of Pb2+ and Cd2+. 

Due to the complex heavy metal components of AMD, ROSL-G after 
adsorption–desorption was tried to be used for the adsorption of other 
metal ions to investigate its applicability. The 4 g/L ROSL-G after 
adsorption–desorption was added to the solution of Pb2+, Cd2+, TFe, 
Mn2+, Cu2+, Zn2+, and Cr6+ with the pH value was 4 and the concen-
tration was 50 mg/L, respectively. Then the residual metal ion content in 
the water was measured. 

The real AMD samples used in this experiment were taken from the 
tailings wastewater of a lead–zinc mine in Huludao City, Liaoning Prov-
ince, China. Samples were collected in 5-litre polypropylene bottles, car-
ried at a constant temperature of 4 ◦C, and tested on the day of collection. 
The removal rate of 0.4 g OSL-G to heavy metals (Pb, Cd, Fe, Mn, Cu, and 
Zn) and anion (SO4

2− ) in real AMD was determined. The reaction condition 
to keeping consistent with the adsorption experiment. 

2.5. Characterization and analytical methods 

The surface area (SBET), total pore volume (Vtot), and pore size dis-
tribution of the materials were evaluated using the micromeritics 
ASAP2020 N2 adsorption/desorption instrument (BET, Micromeritics, 
USA). The surface morphology of the materials was characterized by 
Regulus 8100 scanning electron microscope (SEM, Hitachi, Japan) and 
Ultra Dry Energy dispersive X-ray (EDS) spectroscopy. The Bruker D8 
advance X-ray diffractometer (XRD, Bruker, Germany) was used to 
determine the crystal structure and relative content changes in the 
samples. The changes of functional groups of the materials were char-
acterized by Bruker ALPHA II Fourier infrared spectroscopy (FTIR, 
Bruker, Germany). 

The pH value in wastewater was determined by the glass electrode 
method (GB/T 6920-86). Heavy metal ions (Pb2+, Cd2+, Zn2+, Cu2+) 
concentrations were measured through an atomic absorption spec-
trometer method (GB 7475-87). The wavelengths used for the analysis of 
the Pb2+, Cd2+, Zn2+, and Cu2+ were 283.3, 228.8, 213.8, and 324.7 nm, 
respectively. Heavy metal ions (TFe and Mn2+) were determined by the 
flame atomic absorption spectrophotometry method (GB 11911-89). 
The wavelengths used for the analysis of the TFe, and Mn2+ were 
248.3, and 279.5 nm, respectively. Heavy metal ion (Cr6+) was deter-
mined by Dtphenylcarbohydrazide spectrophotometric method (GB 
7467-87). The wavelengths used for the analysis of the Cr6+ were 540 
nm. 

2.6. Statistical analysis 

All figures were drawn using the Origin 2018 software (Origin Lab 
Corp.). All the kinetic and isotherm models were fitted using non-linear 
fitting function. All significant differences were reported at 0.05 prob-
ability level and all experimental data were presented as mean values ±
standard deviations. Design-expert 8.0 software was used to carry out 
fitting analysis on the RSM experimental data. Fisher’s statistical test 
was used for the analysis of variance (ANOVA) to evaluate the quality of 
“goodness of fit”. 

3. Results and discussion 

3.1. Optimization of preparation conditions on OSL and OSL-G 

3.1.1. Preparation conditions of OSL 
In Fig. 1(a), it is evident that the pyrolysis temperature of oyster 

shells played a crucial role in the removal of Pb2+ and Cd2+ by OSL. The 
removal rate and adsorption capacity of both pollutants increased 
significantly within the temperature range of 750 ◦C to 900 ◦C. At 
900 ◦C, the removal rate of Pb2+ and Cd2+ reached 98.92 % and 99.08 
%, respectively, and the adsorption capacity was 247.3 mg/g, and 49.54 
mg/g, respectively. Although the removal rate and adsorption capacity 
slightly increased within the temperature range of 900 ◦C to 1000 ◦C, the 
increase was not significant. The presence of organic matrix in oyster 
shells may affect its pyrolysis temperature, but the content of organic 
matrix in oyster shells is relatively low, less than 5 %, so it is negligible 
(Xu et al., 2021). Oyster shell powder has the characteristics of a large 
surface area, small particle size, and rich porous structure, which re-
duces the thermal stability of calcite structure. The reasons for this 
phenomenon are as follows: Firstly, oyster shells, which are rich in 
CaCO3, decompose into CaO after high-temperature pyrolysis. This 
process is accompanied by a large amount of CO2 gas escaping, resulting 
in the transformation of the layered structure of oyster shells into a new 
porous structure with a large specific surface area. This increases the 
contact area between the main component CaO and water and heavy 
metals (Xu et al., 2019). Secondly, CaO has a strong electrostatic affinity 
for hydroxyl functional groups at its coordination position, making it 
easy to hydrolyze and complexly react with heavy metal ions. As a 
result, heavy metals can be removed (Shi et al., 2022). Thirdly, after 
ultrasonic treatment, a portion of CaO is hydrolyzed and converted to Ca 
(OH)2. Ca(OH)2 plays a role in activating and expanding the pores of 
lignite during the agitated impregnation process, introducing more hy-
droxyl and other functional groups on the surface of lignite, and 
improving the pore structure of lignite. This greatly enhances the ability 
of lignite to adsorb heavy metal ions (Moon et al., 2013; Zhong et al., 
2021). Ha et al. (2019) found that the CaCO3 and CaO contents of Taean 
and Tongyeong oyster shells were different when the pyrolysis tem-
perature was between 700 ◦C and 1000 ◦C. Due to the difference in 
organic matter content, fineness, and calcite texture, the pyrolysis 
temperature of oyster shells in different regions is also different. Com-
bined with the results of this experiment and previous studies, it was 
speculated that the pyrolysis of oyster shells used in this experiment at 
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900 ◦C achieved a large amount of decomposition of the calcite struc-
ture, lost CO2, and transformed into CaO, which was also confirmed by 
Suwannasingha et al. (2022). The pyrolysis temperature of 900 ◦C was 
chosen for OSL preparation. 

In Fig. 1(b), the removal rates and adsorption capacity of Pb2+ and 
Cd2+ by OSL increase as the pyrolysis time of oyster shells goes from 10 
min to 20 min. However, there is no significant change in the removal 
rates and adsorption capacity when the pyrolysis time is further 
increased after 20 min. This suggests that the decomposition of oyster 
shells starts at 10 min and is mostly finished by 20 min. During this 
process, a majority of calcite is transformed into CaO. These findings are 
consistent with the results obtained by Xia et al. (2021). According to 
Alidoust et al. (2015), the diameter of oyster shells is not expected to 
decrease regardless of the pyrolysis temperature. However, an increase 
in pyrolysis time leads to the recrystallization of particles, resulting in 
larger particle sizes and reduced surface area. This, in turn, hinders the 
hydration of CaO to produce Ca(OH)2, thereby reducing the effective-
ness of OSL in removing Pb2+ and Cd2+. To prevent crystal aggregation 
after pyrolysis, ultrasonic shear treatment is recommended. To minimize 
energy consumption and processing costs during subsequent ultrasonic 
treatment, while ensuring the adsorption performance of OSL for Pb2+

and Cd2+ in AMD. The pyrolysis time of 20 min was chosen for OSL 
preparation. 

In Fig. 1(c), when the mass ratio of lignite to oyster shells is 1:1, the 
removal rates and adsorption capacity of Pb2+ and Cd2+ by OSL are the 

highest, achieving 99.36 % and 100 %, 248.4 mg/g and 50 mg/g, 
respectively. As the proportion of oyster shells increased, the removal 
effect decreased. On one hand, the alkalinity and solubility of oyster 
shells are enhanced after undergoing pyrolysis and ultrasonic treatment. 
However, excessive loading of lignite can lead to an excessive amount of 
–OH on the surface of OSL, which accelerates the dissolution rate. 
Consequently, when metal ions in an aqueous solution come into contact 
with the OSL surface, they quickly precipitate and generate a significant 
amount of hydroxide. This, in turn, leads to substantial precipitation and 
accumulation on the OSL surface, ultimately blocking the pores of 
composite materials and hindering the adsorption reaction. On the other 
hand, oyster shells hold a significant quantity of Ca2+. The inclusion of 
suitable Ca2+ in OSL facilitates the ion exchange process with Pb2+ and 
Cd2+ in solution, effectively eliminating them (Khan et al., 2018; Madrid 
and Lanzon, 2017). Nevertheless, an excessive cation content on OSL 
generates repulsion towards heavy metal ions in solution, hindering 
their proximity to OSL (Li et al., 2015; Lu et al., 2018). Consequently, the 
adsorption capability of OSL on Pb2+ and Cd2+ is influenced. The mass 
ratio of lignite to oyster shells was 1:1 to prepare OSL. 

3.1.2. Preparation conditions of OSL-G 
The excellent properties of adsorbed materials not only depend on 

the adsorption effect but also consider their recyclability and secondary 
pollution problems. With this in mind, a spherical composite material, 
OSL-G, was prepared by using lignite and oyster shell as the substrate 

Fig. 1. The preparation conditions (a) pyrolysis temperature, (b) pyrolysis time, (c) L/OS mass ratio of OSL and the preparation conditions (d and e) adhesive 
content, (f and g) roasting temperature, (h and i) roasting time of OSL-G. 
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and adding bentonite as the binder. The composite material can release 
alkalinity slowly, and solve the problem of large dispersion and difficult 
separation and recovery of powdering adsorption material. Bentonite is 
a kind of natural clay mineral with good adhesion, plasticity, non- 
toxicity, and thermal stability. After roasting with lignite powder and 
oyster shell powder, a volcanic ash reaction will occur, resulting in the 
formation of stable and durable calcium silicate hydrate (C-S-H) or 
calcium aluminosilicate hydrate (C-A-S-H) (Zhan et al., 2020; Bai et al., 
2021). This facilitates the slow release of alkalinity and the effective 
removal of Pb2+ and Cd2+ in AMD. Sun et al. (2020) found that the 
generation of hydration products decelerates the release rate of alka-
linity, but too much gel would reduce the permeability of the material 
after hardening. The adhesive content plays a crucial role in determining 
the removal rate of Pb2+ and Cd2+, the loss rate of OSL-G, and the pH in 
AMD. In Fig. 1(d and e), it is evident that the removal rate and 
adsorption capacity of Pb2+ and Cd2+, the loss rate of OSL-G, and the pH 
of the solution system all decreased as the adhesive content increased. 
When the adhesive content was 15 %, the loss rate of OSL-G decreased to 
9.74 %, while the removal rates and adsorption capacity of Pb2+ and 
Cd2+ remained at 99.87 %, and 96.71 %, 12.48 mg/g, and 2.42 mg/g, 
respectively. In addition, the pH of the solution system increased from 4 
to 6.93 after the reaction. Under this condition, OSL-G can not only 
maintain a high removal rate of Pb2+ and Cd2+, but also ensure the 
strength of particles, and the pH of the reaction solution system can 
reach the emission standard. OSL-G was prepared with a selected ad-
hesive content of 15 %. 

After extruding the lignite and oyster shell powder with 15 % ad-
hesive, roasting them at a specific temperature can enhance the strength 
of the particles and improve the balance force between them. Addi-
tionally, this process can also enhance the ability of the OSL-G composite 
to release alkalinity. Fig. 1(f and g) shows that the loss rate of OSL-G 
decreases significantly with the increase of roasting temperature in the 
range of 400 ◦C ~ 600 ◦C. However, the loss rate increases with the 
increase of roasting temperature after 600 ◦C. According to the research 
results of Bai et al. (2021), when the roasting temperature rises from 
400 ◦C to 500 ◦C, some SiO2 in the material preferably transforms into 
an amorphous state and reacts to form C-S-H and other hydrates. Hy-
drate makes OSL-G have a certain mechanical strength, but its loss rate is 
still high due to insufficient production. The roasting temperature 
gradually increased from 500 ◦C to 600 ◦C, and SiO2 and other Al and Si 
compounds in a large number of materials reacted with calcium oxides 
in oyster shells to form gel products C-S-H, C-A-S-H, etc., which was 
conducive to enhancing the strength of OSL-G (Okano et al., 2013; 
Alastair et al., 2018). As the temperature continued to rise, the gel 
product transformed into a crystalline phase, and the higher the tem-
perature, the higher the crystallinity. However, the crystallization of the 
gel products C-S-H and C-A-S-H will cause the binding force between the 
materials to decrease, resulting in the loss rate increasing again. In 
addition, roasting will lead to material moisture loss and will lead to 
brown coal and oyster shell powder decomposition to produce CO2 gas. 
The loss of water vapor and the escape of CO2 gas will cause the porosity 
of OSL-G. The higher the roasting temperature, the faster the water 
vapor dissipation, and the stronger the decomposition reaction, result-
ing in excessive pores of OSL-G, the collapse of pore structure, and the 
decrease of mechanical strength. It can also be seen from Fig. 1(f and g) 
that with the increase in roasting temperature, the removal rate of Pb2+

by OSL-G fluctuates slightly but maintains a high state, while the 
removal rate of Cd2+ and the pH of the solution system obviously in-
crease first and then tends to equilibrium. Roasting causes the decom-
position of CaCO3 in oyster shell powder, resulting in the formation of 
CaO. This increases the alkalinity of OSL-G. The addition of OSL-G to a 
solution helps raise its pH, facilitating the precipitation of Pb2+ and Cd2+

and ultimately achieving a higher removal rate. The likelihood of the 
CaCO3 decomposition reaction occurring increases with higher calci-
nation temperatures. However, as the temperature increases, the CaO 
and its hydrolyzed products react with the silicate and silica aluminate 

precursors in the material, leading to the formation of gelling sub-
stances. Excessive gelling products can then block the pore structure of 
the adsorbent material (Mo et al., 2018), impacting the removal of Pb2+

and Cd2+. OSL-G was prepared at a temperature of 600 ◦C. 
In Fig. 1(h and i) it is evident that with the increase of roasting time, 

the loss rate of OSL-G decreases. This is because the extension of roasting 
time is not only conducive to the decomposition of CaCO3 of oyster 
shells into CaO but also conducive to the full reaction among Ca, Al, and 
Si oxides to generate cementation products, thus enhancing the me-
chanical strength of OSL-G. It can also be seen from Fig. 1(h and i) that 
the removal rates and adsorption capacity of Pb2+ and Cd2+ by OSL-G 
increased first and then decreased with the increase of roasting time, 
and the pH of the solution system also has the same trend. During the 
roasting process, the production of silicate and silica aluminate com-
pounds is insufficient to meet cementation requirements within the 0.5 h 
to 1.5 h timeframe. However, extending the roasting time in this range 
has two positive effects. Firstly, it promotes the formation of more 
alkaline CaO. Secondly, it facilitates the evaporation of water molecules 
and the volatilization of CO2 gas, which is a decomposition product of 
organic matter and carbonate. This leads to an increase in the pore size 
of the adsorbed material. Consequently, a short-term increase in roast-
ing time enhances the capacity for alkalinity release, resulting in an 
improved removal rate of Pb2+ and Cd2+. When the roasting time rea-
ches 2 h, further increasing it will result in excessive cementation 
products of OSL-G and increased crystallinity. This, in turn, will make it 
difficult to release alkalinity, ultimately reducing the removal rate of 
Pb2+ and Cd2+. Comparatively, the solubility product constant of Cd2+

precipitate is smaller than that of Pb2+, making the removal of Cd2+

more influenced by the alkalinity of the solution system. Consequently, 
the adsorption effect of OSL-G on Cd2+ undergoes a more significant 
change with variations in roasting temperature. OSL-G was prepared 
with a roasting time of 2 h. 

3.1.3. Optimize preparation conditions of OSL-G by RSM 
The BBD levels, test design, and responses are shown in Table B1. 

Response surface regression analysis was performed on the experimental 
results using Design Expert V8.0.6 software. Quadratic regression 
equations were established between the adhesive content (A), roasting 
temperature (B), roasting time (C) of the independent variable and the 
removal rate of Pb2+ (Y1), the removal rate of Cd2+ (Y2), the loss rate of 
OSL-G (Y3), and pH value of the solution (Y4), as shown in Eqs. (1)–(4). 

Y1 = 99.87 − 0.057A+ 0.024B+ 0.014C − 0.033AB
+0.022AC+ 0.01BC + 0.018A2 − 0.06B2 − 0.039C2 (1)  

Y2 = 96.71 − 3.93A+ 2.52B − 0.31C + 0.57AB − 0.99AC
+0.21BC − 3.19A2 + 0.56B2 − 0.026C2 (2)  

Y3 = 5.74 − 16.76A − 22.79B − 6.12C + 0.21AB+ 4.75AC − 4.23BC
+4.82A2 + 50.04B2 + 10.41C2 (3)  

Y4 = 6.76 − 0.51A+ 1.11B − 0.23C − 0.22AB+ 0.05AC − 0.14BC
+0.13A2 + 1.15B2 + 0.033C2 (4) 

Analysis of variance (ANOVA) was performed on the above quadratic 
regression equation to determine the accuracy of the model and the 
significance of the influence of various factors and their interactions on 
the response value. The results are shown in Tables B2–B5. The signif-
icance of the model is determined by both the F-value and P-value. The 
larger the F-value is and the smaller the P-value is, the more significant 
the impact will be. The F values of the regression models from Y1 to Y4 
are 26.29, 109.88, 243.27, and 181.06, respectively. The P values of 
these models are all < 0.0001, and their lack of fit is 0.8347, 0.6903, 
0.1551, and 0.105, respectively. It shows that the model has high reli-
ability, the model reaches a significant level, has statistical significance, 
and can be used to analyze the results of the actual point of the test 
(Mousavi et al., 2018; Luo et al., 2021). In addition, if the P-value of 
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primary terms A, B, and C of the model is less than 0.05, it indicates that 
the three factors A, B, and C have significant influence on the response 
value, and vice versa. If the P-values of the secondary interaction terms 
AB, AC, and BC of the model meet the significance requirement, it in-
dicates that the interaction effect between the secondary interaction 
terms is significant (Zhang et al., 2023a,b). The R2 of each model is 
0.9713, 0.9930, 0.9968, 0.9957, which is very close to 1, indicating that 
the regression model has a high degree of fit. In addition, the accuracy of 
the experiment was tested by three coefficients, namely, RAdj

2 − RPred
2 <

0.2, coefficient of variation (C.V.) < 10 %, and Adeq Precision (AP) > 4. 
If all the requirements were met, the accuracy, reliability, and precision 
of the experiment could be considered to be high (Kacakgil and Cetintas, 
2021; Saeed et al., 2021). Hence, the aforementioned regression models 
effectively describe the response values Y1 ~ Y4, making them suitable 
for analysis, prediction, and optimization purposes. In the Pb2+ removal 
rate model, F values of A, B, and C were 100.35, 17.12, and 5.74, and P 
values were <0.0001, 0.0044, and 0.0478, respectively. The results 
showed that the adhesive content had a significant effect on the removal 
rate of Pb2+. The significant degree was the adhesive content > roasting 
temperature > roasting time. Similarly, in the other three models, the 
influence of adhesive content and roasting temperature on the removal 
rate of Cd2+, the loss rate of OSL-G, and the pH of the solution was found 
to be highly significant. The significant degree was the adhesive content 
> roasting temperature > roasting time. 

To comprehensively consider the influence of three factors A, B, and 
C on the response value, a graphical analysis was carried out, and the 
three-dimensional response surface map was shown in Fig. 2. It can be 
seen from Fig. 2(a), in the Pb2+ removal rate model, the contours of the 
interaction between AB and AC present a long oval shape with long axis, 
indicating that the interaction effect between AB and AC is significant. 
The distribution density of the contours on the X-axis is significantly 
higher than that on the Y-axis, indicating that the main effect of A is 

larger than that of B and C. However, the interaction between B and C is 
not significant, showing that the contour map presents a circular dis-
tribution, and the three-dimensional response surface map is steeper. 
Similarly, it can be seen from Fig. 2(b) that the same results are also 
obtained in the Cd2+ removal rate model. It can be seen from Fig. 2(c) 
that in the loss rate model, the interaction of AB is not significant, while 
the interaction of AC and BC is significant. It can be seen from Fig. 2(d) 
that in the pH value model, the interaction between AB and BC is sig-
nificant, while the interaction between AC is not. The results of ANOVA 
also fully verified the above conclusions. 

To prepare OSL-G composite with good adsorption effect of Pb2+ and 
Cd2+ and low loss rate, the Design expert V8.0.6 software was used to 
optimize the preparation method of OSL-G composite. The results 
showed that the optimum preparation conditions of OSL-G composites 
were as follows: the adhesive content was 15.48 %, the roasting tem-
perature was 642 ◦C, and the roasting time was 2.37 h. It is predicted 
that the removal rate of Pb2+ and Cd2+ were 99.89 % and 99.02 %, the 
loss rate was 9.87 %, and the pH of the solution was 7.49. Considering 
the feasibility and economic cost of the experiment, some adjustments 
were made to the experimental results. The optimum preparation con-
ditions of OSL-G were determined the adhesive content was 15.50 %, the 
roasting temperature was 640 ◦C, and the roasting time was 2.35 h. 

3.2. Characteristics of OSL and OSL-G 

The removal effect of adsorbents on the removal rates and adsorption 
capacity of Pb2+ and Cd2+ are shown in Fig. 3(a). It can be seen from 
Fig. 3(a), that the removal rates of Pb2+ and Cd2+ by OSL were 98.93 % 
and 99.76 %, respectively, and the adsorption capacity of Pb2+ and Cd2+

were 247.33 mg/g, 49.88 mg/g, respectively. Compared with single 
lignite or oyster shell material, the removal rates were significantly 
improved, which was 1.67 times (Pb2+) and 2.23 times (Cd2+) for single 

Fig. 2. The three-dimensional response surface maps of (a) removal rate of Pb2+, (b) removal rate of Cd2+, (c) loss rate of OSL-G, (d) pH of the solution.  
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lignite and 2.26 times (Pb2+) and 4.31 times (Cd2+) for single oyster 
shell, respectively. The removal rates of Pb2+ and Cd2+ by OSL-G were 
99.78 % and 99.77 %, respectively, and the adsorption capacity of Pb2+

and Cd2+ were 12.47 mg/g, 2.49 mg/g, respectively. It significantly 
improved the removal rate compared with that of single lignite or oyster 
shell materials, respectively, by 1.69 (Pb2+) times and 2.23 (Cd2+) times 
for single lignite and 2.28 times (Pb2+) and 4.31 times (Cd2+) for single 
oyster shells. 

The BET analysis results of lignite, OSL, and OSL-G are shown in 
Fig. 3(b). It can be seen from Fig. 3(b), that the N2 adsorp-
tion–desorption isotherms of lignite, OSL, and OSL-G were typical type II 
isotherms, indicating that mesoporous or mesoporous (2 ~ 50 nm) 
dominant for both adsorbents (Samanta et al., 2016a; Samanta et al., 
2016b). The adsorption–desorption curves of the three adsorbents at the 
low pressure almost completely coincided and showed a partial Y-axis, 
which indicated that the pore size of the three adsorbents was more 
uniform, the pore arrangement was more ordered, and the three ad-
sorbents had a strong force with nitrogen. lignite, OSL, and OSL-G began 
to bifurcate when the relative pressure was 0.469, 0.155, and 0.436, 
respectively, and the adsorption–desorption curves did not overlap to 
produce a hysteresis loop, which may be because the material began to 
condense and accumulate capillary pores. The isotherms of three ad-
sorbents conformed to the typical H3-type lag loop (Samanta et al., 
2017), indicating that lignite, OSL, and OSL-G were dominated by slit 
pores formed by the accumulation of sheet particles. Lignite, OSL, and 
OSL-G contained a large number of mesoporous structures, and the pore 
sizes were mainly concentrated in the range of 3 ~ 10 nm. 

The pore structure parameters of lignite, OSL, and OSL-G composites 
are shown in Table 2. It can be seen from Table 2 that the surface area, 
pore size, and pore volume characteristics of lignite have changed after 
modification. The order of specific surface area (SBET) and total pore 
volume (Vtot) of the three adsorbents was OSL-G > OSL > Lignite, which 
indicated that the composites prepared by the two methods have larger 

specific surface area and porosity than lignite, especially OSL-G. The 
pore size of the three adsorbents was OSL-G > Lignite > OSL, which 
indicated that OSL had a more microporous structure than lignite, while 
OSL-G had more mesoporous or macroporous structure than lignite. 

3.3. Adsorption properties 

3.3.1. Effect of adsorbent dosage 
In Fig. 4(a), it is evident that when the adsorbent dosage is between 1 

and 2 g/L, the OSL-G adsorption site can be fully utilized, resulting in an 
increase in the removal rate of Pb2+ from 48.48 % to 98.12 %. Further 
increasing the dosage has minimal impact on the removal rate of Pb2+. 
Thus, the optimal dosage for OSL-G adsorbing Pb2+ is considered to be 2 
g/L. For the adsorption of Cd2+, increasing the dosage of OSL-G from 1 
g/L to 4 g/L leads to an increase in the removal rate of Cd2+ from 30.21 
% to 99.45 %. Continuing to increase the dosage has little significance, 
indicating that the optimal dosage for OSL-G adsorbing Cd2+ is 
considered to be 4 g/L. The improvement in adsorption can be attributed 
to the increase in surface area and the availability of more adsorption- 
binding sites (Pérez et al., 2022; Zhang et al., 2019). The difference in 
dosage required for the effective removal of Pb2+ and Cd2+ by OSL-G is 
related to their difference in radius, hydration energy, and solubility 
product constant. Compared with Cd2+, Pb2+ has a smaller radius, lower 
hydration energy, smaller solubility product constant, and is more prone 

Fig. 3. (a) Removal rates of Pb2+ and Cd2+ by lignite, oyster shells, OSL, and OSL-G. (the OSL-G dosage is 4 g/L, others dosage are all 0.2 g/L, pH = 4, C0 (Pb2+) is 50 
mg/L, C0 (Cd2+) is10mg/L, the temperature is 25 ◦C, reaction time is 24 h). (b) N2 adsorption–desorption isothermal curves and pore size distribution curves of 
lignite, OSL, and OSL-G. 

Table 2 
Specific surface area, total pore volume and pore diameter parameters of lignite, 
OSL and OSL-G.  

Parameters lignite OSL OSL-G 

Specific surface area (m2/g)  32.0523  55.0809  103.9347 
Total pore volume (cm3/g)  0.0667  0.1549  0.2765 
Pore diameter (nm)  8.0304  7.8464  8.3334  

W. An et al.                                                                                                                                                                                                                                      



Arabian Journal of Chemistry 17 (2024) 105732

9

to precipitation, ion exchange, and complexation reactions. Therefore, 
the optimal dosage for the adsorption of Pb2+ by OSL-G is only 2 g/L, 
while the optimal dosage for the adsorption of Cd2+ is up to 4 g/L. 

3.3.2. Effect of initial pH 
It can be seen from Fig. 4(b), with the initial pH value increasing 

from 2 to 4, the removal rate of Pb2+ by OSL-G significantly increased 
from 38 % to 98.39 %, and the removal rate of Cd2+ increased from 
18.06 % to 99.45 %. A similar behavior was found by Du et al. (2011) 
using two types of mollusk shell powders to remove Pb2+, Cd2+ and 
Zn2+. As the initial pH continued to increase from 4 to 6, the removal 
rate of Pb2+ and Cd2+ by OSL-G increased slightly and tended to be 
stable. The initial pH of the solution system will affect the electrostatic 
interaction, surface precipitation, and adsorption reaction between the 
two (Liu et al., 2009). The increase of initial pH and the low concen-
tration of H+ is conducive to reducing the competition between H+, 
Pb2+, and Cd2+, leaving more adsorption sites remaining on the surface 
of OSL-G and removal of target pollutants. The high concentration of 
OH− in the solution will increase the negative charge on the surface of 
OSL-G, thereby reducing the electrostatic repulsion of OSL-G with Pb2+

and Cd2+. It is also conducive to the neutralization and precipitation or 
the existence form of multiple basic ions. 

It can be seen from Fig. 4(b) that the initial pH value is in the range of 
2 ~ 5, and the pH of the solution system after the reaction is all within 9. 
The pH range of AMD that OSL-G can handle is more extensive. In 
addition, pH affects the reaction mechanism of removing Pb2+ and Cd2+, 
and the stability of compounds generated by different reaction 

mechanisms is different (Pehlivan et al., 2008; Li et al., 2017). When pH 
< 7, Pb2+ and Cd2+ exist as ions, and the removal of metal ions by the 
composite is mainly based on ion exchange and surface complexation. 
When the pH of the solution is between 7 and 9, Pb2+ and Cd2+ mainly 
exist in the form of Pb(OH)+, Cd(OH)+, Pb(OH)2, and Cd(OH)2, and the 
metal removal of the composite is mainly precipitated. When the solu-
tion pH > 9, Pb2+ and Cd2+ mainly exist in the form of Pb(OH)2, Pb 
(OH)3

− , Pb(OH)4
2− , Cd(OH)2, Cd(OH)3

− (Kolodynska et al., 2012; Jiang 
et al., 2020). The removal of metals by composite materials is mainly 
caused by precipitation, but the high pH value will lead to the secondary 
dissolution of hydroxide precipitation (Frǐsták et al., 2015). Therefore, 
considering the adsorption effect and the product stability of the 
adsorption reaction, it is considered that the initial pH value of 4 is more 
advantageous. 

3.3.3. Effect of initial concentrations of Pb2+ and Cd2+

It can be seen from Fig. 4(c), that in the same temperature system, as 
the initial concentrations of Pb2+ and Cd2+ increase, the removal rates of 
Pb2+ and Cd2+ by OSL-G gradually decrease. This is because at a low 
initial concentration, compared with the amount of Pb2+ and Cd2+ in the 
solution, the number of effective adsorption sites on the surface of OSL-G 
is quite sufficient, which is conducive to the diffusion of Pb2+ and Cd2+

to the adsorption site and binding with it to promote the adsorption 
reaction (Jamshidifard et al., 2019). The concentration difference be-
tween the solution and the surface of the composite material increases, 
which strongly drives the Pb2+ and Cd2+ in the solution to move rapidly 
to the OSL-G surface, increasing the chance of interaction between Pb2+

Fig. 4. Effect of the adsorbent dosage (a), initial pH value (b), initial concentration (c), binary metal system (d) on the adsorption of Pb2+ and Cd2+ by OSL-G.  
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and Cd2+ and the active site (Awang et al., 2019; Liu et al., 2020). 
However, with the advancement of the reaction process, the fewer the 
remaining adsorption sites, the adsorption gradually reaches saturation, 
and after the adsorption of Pb2+ and Cd2+, the surface of the composite 
material will accumulate excessive positive charges, which is difficult to 
continue adsorption with more free metal ions in the solution, so the 
removal rate is gradually reduced. At the same concentration level, the 
removal rates of Pb2+ and Cd2+ by OSL-G increased with the rise in 
ambient temperature, suggesting that the adsorption process of Pb2+

and Cd2+ by OSL-G is endothermic. As the temperature increases, the 
proportion of activated ions in the solution also increases. This leads to a 
faster diffusion rate of Pb2+ and Cd2+ towards the surface of the com-
posite material. Consequently, there is a higher likelihood of effective 
collision with the functional groups on the surface of the composite 
material, resulting in an increased level of adsorption equilibrium. 
Similar results have also been described in previous articles (Ogata et al., 
2018; Arslanoglu et al., 2019; Cherdchoo et al., 2019). 

According to the “Comprehensive Sewage Discharge Standard” (GB 
8978–1996), the maximum allowable emission limits for Pb2+ and Cd2+

are 1 mg/L and 0.1 mg/L, respectively. In this experiment, the initial 
concentrations of Pb2+ and Cd2+ in simulated AMD were 50 mg/L and 
10 mg/L, respectively. To meet the AMD emission standard after treat-
ment, the removal rates of Pb2+ and Cd2+ should reach 98 % and 99 %, 
respectively. Comparing the removal rates of Pb2+ and Cd2+ by OSL-G at 
different initial concentrations and temperatures, it was found that the 
removal rates of Pb2+ can exceed 99 % when the initial concentration is 
between 10 and 100 mg/L. However, when the initial concentration of 
Cd2+ increased from 10 mg/L to 30 mg/L, the removal rate dropped 
significantly from more than 99 % to less than 70 %. In summary, 2 g/L 
OPL-G can treat AMD with an initial concentration of Pb2+ ranging from 
10 to 100 mg/L, and 4 g/L OPL-G can treat AMD with an initial con-
centration of Cd2+ ranging from 0 to 10 mg/L. Since the content of Cd in 
acid mine wastewater is generally low and the content of Pb is high, the 
treatment of Pb and Cd pollution in AMD by OSL-G has certain 
advantages. 

3.3.4. Effect of the binary metal system 
In Fig. 4(d), it is evident that the adsorption effect of OSL-G on Pb2+

and Cd2+ in the binary metal system is lower than that in the monadic 
metal system, and the higher the initial concentration is, the more sig-
nificant the competitive effect of Pb2+ and Cd2+ is. This is because in the 
binary system, the total amount of metal ions in the solution is higher 
than that in the monadic metal system, and the points that can be pro-
vided by adding the same amount of materials are limited, resulting in 
competition between ions (Huang et al., 2020; Zaman et al., 2023). On 
the whole, the removal rate of Pb2+ is higher than that of Cd2+, indi-
cating that OSL-G has a higher selectivity and better removal effect on 
Pb2+ in a non-equal competition system. The selective adsorption of 
heavy metal ions depends on the physical and chemical properties of 
metal ions (hydrolysis constant, radius of hydrated ion, molar mass, and 
solubility product constant of metal ion hydroxide). The smaller the 
hydrolysis constant of metal ions is, the easier the ions are to be 
adsorbed. The hydrolysis constant of Pb2+ (7.8) is significantly lower 
than that of Cd2+ (9.2). For homogeneous metal cations, the smaller the 
hydration radius, the easier it is to diffuse through the boundary layer to 
the surface of the adsorbed material. The hydration radius of Pb2+

(0.401 mm) is smaller than that of Cd2+ (0.426 mm), the mass transfer 
resistance of Pb2+ in solution is smaller, and the ion exchange reaction is 
more likely to occur. The higher the molar mass of metal ions, the more 
likely a precipitation reaction occurs. The molar mass of Pb2+ (207.2 g/ 
mol) is almost twice that of Cd2+ (112.4 g/mol), and the adsorption 
preference of Pb2+ is stronger. The lower the solubility of hydroxide of 
the same valent metal ion, the easier it is to react with OH− to form 
chemical precipitation. The hydroxide solubility product constant of 
Pb2+ (1.2 × 10− 15) is smaller than that of Cd2+ (2.2 × 10− 14). Therefore, 
it can be concluded that the selection order of Pb2+ and Cd2+ by OSL-G is 

Pb2+ > Cd2+, which is also verified by similar research results (Wan 
et al., 2014; Bohli et al., 2015; Gameli et al., 2023). 

It can also be seen from Fig. 4(d) that in the Pb-Cd binary metal 
system (Cd2+=10 mg/L, Pb2+ = 10–100 mg /L), the removal effect of 
OSL-G on Pb2+ remains almost unchanged, both remaining above 99 %. 
In the Cd-Pb binary metal system (Pb2+ = 10 mg/L, Cd2+ = 10 mg/L), 
the effect of Pb2+ competitive adsorption on the removal of Cd2+ by 
OSL-G adsorption is also low, and the removal rate of Cd2+ can be 
ensured above 99 %. Therefore, adding 4 g/L OSL-G to treat the simu-
lated AMD-containing binary metal system (pH = 4, Pb2+ = 10 mg/L, 
Cd2+ = 10 mg/L) can effectively remove 99.38 % of Pb2+ and 99.02 % of 
Cd2+, and the pH of the solution system after reaction is around 7. The 
effluent water quality conforms to the “Comprehensive Sewage 
Discharge Standard” (GB 8978-1996). 

3.4. Adsorption kinetics, isotherm, thermodynamics 

3.4.1. Adsorption kinetics 
The adsorption process can generally be described as three processes: 

the diffusion on the surface of the adsorbent, the diffusion in the 
adsorbent particles, and the adsorption on the porous adsorption site. 
The time consumed at each stage affects the rate of the entire adsorption 
process (Li et al., 2019). Quasi-first-order kinetic and quasi-second-order 
kinetic adsorption models (Fig. 5(a and b)) and inter-particle diffusion 
models (Fig. 5(c and d)) were used to fit the adsorption processes of Pb2+

and Cd2+ by OSL-G, determine the adsorption rate control steps and 
explore the adsorption mechanism. The adsorption parameters of the 
kinetic models are shown in Table 3. 

It can be seen from Fig. 5(a and b) that, compared with the quasi- 
first-order kinetic model, the R2 of the quasi-second-order kinetic 
model is closer to 1, and the theoretically calculated value of the 
adsorption capacity of Pb2+ and Cd2+ by OSL-G obtained by this model 
is closer to the actual experimental value. The parameter results in 
Table 3 show that the quasi-second-order kinetic model can more 
accurately reflect the adsorption process. The establishment theory of 
the quasi-second-order kinetic model assumes that the adsorption rate is 
controlled by the chemisorption mechanism and is determined by the 
square of the number of remaining adsorption vacancies on the surface. 
Therefore, it can be considered that the adsorption rate is directly pro-
portional to the quadratic of the driving force. In addition, during the 
adsorption process, Pb2+ and Cd2+ will react with the internal sub-
stances of OSL-G particles to form new chemical bonds, which will 
transform them into new substances and remove them, and their 
adsorption rate is mainly controlled by chemisorption. It can be seen 
from Fig. 5(c and d), there are three stages in the adsorption process of 
Pb2+ and Cd2+ by OSL-G. The first stage is the rapid diffusion of Pb2+

and Cd2+ through the boundary film to the surface of OSL-G, which is 
reflected as surface diffusion. The second stage is the slow diffusion of 
Pb2+ and Cd2+ to the mesopore in OSL-G, and the third stage is mainly 
the micropore diffusion, and the adsorption process is slow until the 
adsorption equilibrium is reached (Liang et al., 2018). The fitting pa-
rameters in Table 3 show that the order of diffusion rates of Pb2+ and 
Cd2+ is K31 > K32 > K33, and the order of boundary layer thickness is C1 
< C2 < C3, which indicates that the boundary layer thickened continu-
ously with the advancement of the adsorption process of Pb2+ and Cd2+

by OSL-G. The thickening of the boundary layer obstructs the diffusion, 
leading to the deviation of the adsorption process from the internal 
diffusion model. The fitted curves do not pass through the origin, and the 
deviation degree is increasing, which also verifies the above analysis 
results. The deviation of the inter-particle diffusion model from the 
origin indicates that the adsorption process is controlled by the external 
and internal diffusion of the particles (Wang et al., 2019). The low R2 of 
the fitted inter-particle diffusion model also indicates that the entire 
adsorption process is mainly dominated by chemical adsorption. 
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3.4.2. Adsorption isotherm 
The adsorption isotherm can effectively determine the distribution of 

adsorbents in the solid–liquid phase, which is of great significance for 
evaluating the adsorption process of Pb2+ and Cd2+ by OSL-G (El 
Atouani et al., 2019). The Langmuir adsorption isotherm model (Fig. 5(e 
and f)) and Freundlich adsorption isotherm model (Fig. 5(g and h)) were 

used to fit the adsorption processes of Pb2+ and Cd2+ by OSL-G. The 
fitting parameters of the isotherm model are shown in Table 4. As shown 
in Fig. 5(e–h) and Table 4, R2 of the Langmuir model is smaller than that 
of the Freundlich model at 288.15 K, 298.15 K, and 308.15 K temper-
atures. It can be seen that the adsorption of Pb2+ and Cd2+ by OSL-G at 
different temperatures is more suitable to be explained by the Freund-
lich adsorption isothermal model, indicating that the adsorption process 
is multi-layer non-uniform adsorption (Homagai et al., 2022). The KF 
values of Pb2+ and Cd2+ adsorbed by OSL-G increased slightly with 
increasing temperature, indicating that the affinity of OSL-G to Pb2+ and 
Cd2+ was improved by increasing temperature. n reflects the strength of 
adsorption, and 1/n is the concentration index commonly used to 
evaluate adsorption. The smaller the value, the better. The 1/n values 
are all between 0 and 1, indicating that the adsorption reaction is easy to 
carry out (Kim and Singh, 2022). 

The adsorption capacity of OSL-G and OSL for Pb2+ and Cd2+ in 
aqueous media was compared with that of other adsorbent materials 
(Table 5). It can be seen from Table 5, the maximum adsorption capacity 
of OSL-G for Pb2+ and Cd2+ was in the middle level, especially the 
adsorption capacity of Cd2+ was not high. Through further analysis of 
this phenomenon, it was found that the adsorption time, temperature, 
and adsorbent morphology were the key factors affected the adsorption 
capacity, especially the adsorbent morphology. Other materials with 
high adsorption capacity in Table 5 were powdery with small particle 
size, while OSL-G was granular, which also become an important reason 
for the low adsorption capacity of OSL-G. Therefore, based on the 
importance of adsorbent morphology, the adsorption capacity of 
powdered OSL was investigated, and it was found that the adsorption 
capacity was greatly improved, which was sufficient to prove the 
excellent performance of the adsorption material. Interestingly, 

Fig. 5. Adsorption kinetics, isotherms, thermodynamics of Pb2+ and Cd2+ by OSL-G. (a) Adsorption kinetics of Pb2+, (b) Adsorption kinetics of Cd2+, (c) Intra- 
particle diffusion model of Pb2+, (d) Intra-particle diffusion model of Cd2+, (e) Langmuir model of Pb2+, (f) Langmuir model of Cd2+, (g) Freundlich model of 
Pb2+, (h) Freundlich model of Cd2+, (i) Effect of temperature on the adsorption of Pb2+ and Cd2+ by OSL-G, (j) Adsorption thermodynamics of Pb2+, (k) Adsorption 
thermodynamics of Cd2+. 

Table 3 
Adsorption kinetic parameters for adsorption of Pb2+ and Cd2+ by OSL-G.  

Model Pb2+ Cd2+

Quasi-first-order 
K1 (/min)  0.0098  0.0065 
qe (mg/g)  25.0791  2.7254 
R2  0.9876  0.9767  

Quasi-second-order 
K2 (g/(mg·min))  0.00034  0.0020 
qe (mg/g)  30.0523  3.3659 
R2  0.9918  0.9859  

Intra-particle diffusion 
K31(mg/(g·min1/2))  0.1314  0.0087 
C1  2.4313  0.3442 
R1

2  0.9554  0.9901 
K32(mg/(g·min1/2))  0.0307  0.0027 
C2  13.7095  1.3782 
R2

2  0.9645  0.8795 
K33(mg/(g·min1/2))  0.0046  0.0009 
C3  22.7539  2.2099 
R3

2  0.9332  0.8968  
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although the powder adsorption effect is good, but compared with the 
powder adsorbent, the granular adsorbent has the advantage of easy 
solid–liquid separation and sedimentation. The effect of different mor-
phologies of adsorbents on pollutants in water has also become an 
important direction of follow-up research. 

3.4.3. Adsorption thermodynamics 
The temperature has a certain effect on the adsorption reaction. It is 

necessary to explore the thermodynamic changes in the adsorption 
process of OSL-G to determine the spontaneity of the adsorption of Pb2+

and Cd2+. The adsorption experiments were carried out at three tem-
perature conditions of 288.15 K, 298.15 K, and 308.15 K, respectively 
(Fig. 5(i)), and thermodynamic adsorption curves were drawn with lnKd 
as Y-axis and 1/T as X-axis (Fig. 5(j and k)). The thermodynamic pa-
rameters of the adsorption process are shown in Table 6. It can be seen 
from Fig. 5(i–k), that the removal efficiency of Pb2+ and Cd2+ showed an 
increasing trend with the increase of temperature. In Table 6, the Gibbs 
free energy ΔG is negative at all temperatures, indicating that the 
adsorption of Pb2+ and Cd2+ by OSL-G is spontaneous (Sun et al., 2015). 
The higher the temperature, the smaller the ΔG, and the more likely the 
spontaneous reaction is to occur. The enthalpy change ΔH is positive, 
which also proves that the adsorption reaction is an endothermic pro-
cess. The entropy change ΔS is positive, indicating that the adsorption 

process is a process of entropy increase, which means that the adsorption 
process of Pb2+ and Cd2+ is inevitably accompanied by the desorption of 
other ions at the adsorption site on the surface of OSL-G, which increases 
the chaos and disorder of the whole system during the adsorption pro-
cess (Lin et al., 2018). 

3.5. Microscopic characterization and adsorption mechanism 

3.5.1. SEM 
It can be seen from Fig. 6(a), that the surface of lignite is relatively 

smooth and dense, but there are also some micropores and lamellar 
accumulations on the surface, with some folds and voids (Zhang and 
Chen, 2020; Jellali et al., 2021). There are many cracks, pores, and scaly 
structures on the surface of OSL-G, and a large number of fine particles, 
flake structures, and massive structures accumulate. High-temperature 
roasting results in the release of water and some organic matter in 
lignite, the pore structure shrinks and collapses, and the surface 
roughness increases (He et al., 2019). The scale structure of the 
bentonite binder is retained, which makes the structure of OSL-G loose 
and porous. Oyster shells decompose into CaO and CO2 when roasted. 
This analysis is also supported by the significant reduction of the content 
of C and O in OSL-G compared with that in lignite. A large amount of 
CO2 escape will play a role in opening pores and increasing the number 
of pores in OSL-G. At the same time, the CaO generated by roasting at 
high temperatures will enter the bentonite and lignite layers and 
combine with SiO2, silicate precursors or alumino-silicate precursors to 
form C-S-H, C-A-H, C-A-S-H and other crystals or amorphous gels, which 
are deposited in the form of fine particles, flake structure or block 
structure to increase the surface area of the material (Wang et al., 2011; 
Li et al., 2012; Hao et al., 2019). After adsorption of Pb2+ and Cd2+, OSL- 
G (Pb2+) and OSL-G (Cd2+) are attached to a large number of substances 

Table 4 
Adsorption isotherm constants for adsorption of of Pb2+ and Cd2+ by OSL-G.  

Model Pb2+ Cd2+

288.15 K 298.15 K 308.15 K 288.15 K 298.15 K 308.15 K 

Langmuir 
KL 1.1634 1.3492 1.8743 0.1316 0.1485 0.1871 
Qm (mg/g) 109.7384 107.2821 99.5546 7.6275 8.3777 9.0206 
R2 0.9953 0.9975 0.9940 0.7748 0.8370 0.8429 
RL 0.0085 ~ 0.0791 0.0074 ~ 0.0690 0.0053 ~ 0.0507 0.07063 ~ 0.4318 0.0631 ~ 0.4025 0.0507 ~ 0.3483  

Freundlich 
KF 64.1794 68.6982 76.3436 2.9993 3.1048 3.3237 
1/n 0.7135 0.6979 0.6617 0.2117 0.2182 0.2141 
R2 0.9980 0.9983 0.9997 0.9837 0.9896 0.9879  

Table 5 
Comparison of the maximum adsorption capacity of Pb2+ and Cd2+ with other adsorbents.  

Adsorbent adsorbate temperature time adsorption capacity 
(mg/g) 

BET surface area (m2 

/g) 
Reference 

KMnO4-treated magnetic biochar (FMBC) Pb2+ 25 ◦C 24 h 148 137 Sun et al., 2019 
Cd2+ 79 

CA-enriched biochar of Chickpea Pb2+ 25 ◦C 24 h 12.1094 — Nazari et al., 
2019 Cd2+ 2.4757 

Cassava root husk-derived biochar with ZnO nanoparticles (CRHB- 
ZnO3) 

Pb2+ 25 ◦C 60 min 44.27 2.7964 Tho et al., 2021 
Cd2+ 42.05 

Amine-functionalized magnesium ferrite-biochar composite 
(MgFe2O4–NH2@sRHB) 

Pb2+ 25 ◦C 24 h 198.93 51.30 Li et al., 2022 
Cd2+ 195.50 

Fe/S functionalized biochar (BC-Fe-S) Pb2+ 45 ◦C 120 
min 

124.62 41.30 Cao et al., 2022 
Cd2+ 57.71 

Mg/Fe bimetallic oxide-modified biochar Pb2+ 25 ◦C 480 
min 

283.4 332.84 Cheng et al., 
2023 Cd2+ 195.5 

oyster shell loaded lignite composite adsorbent in powdery 
morphology (OSL-G) 

Pb2+ 25 ◦C 720 
min 

107.2821 103.9347 This work 
Cd2+ 8.3777 

oyster shell loaded lignite composite adsorbent in powdery 
morphology (OSL) 

Pb2+ 25 ◦C 720 
min 

332.62 102.676 
Cd2+ 318.98  

Table 6 
Thermodynamic parameters for adsorption of Pb2+ and Cd2+ by OSL-G.  

Pollutants ΔG (kJ/mol) ΔH(kJ/mol) ΔS(J/(mol·K)) 

288.15 K 298.15 K 308.15 K 

Pb2+ − 0.3386  − 0.9769  − 1.5326  16.8914  59.8599 
Cd2+ − 5.2714  − 5.6734  − 6.0988  6.6392  41.3436  
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with different forms, and the aggregation state increases. Compared 
with the EDS diagram, it can be seen that there are no Pb and Cd ele-
ments in OSL-G, while Pb and Cd elements appear in OSL-G (Pb2+) and 
OSL-G (Cd2+), which indicates that the adsorption sites of OSL-G suc-
cessfully interact with Pb2+ and Cd2+, and the products adhere stably to 
their surfaces. 

3.5.2. FTIR 
It can be seen from Fig. 6(b), in the peak spectrum of lignite, the –OH 

stretching vibration absorption peak corresponding to 3402 cm− 1 and 
the –OH bending vibration absorption peak corresponding to 1630 cm− 1 

both weaken after granulation, which can be attributed to the loss of 
water in lignite during roasting (Zhang et al., 2016). The absorption 
peaks at 1269, 2923, and 2850 cm− 1 were derived from the residue of 
organic matter in lignite material, and the peaks disappeared in the OSL- 
G peak spectrum after roasting. In the OSL peak spectrum, the in-plane 
and out-plane deformation vibrations of C-O and the stretching and 

bending vibrations of Ca-O appear near 708, 870, and 1408 cm− 1, 
indicating the presence of Ca-O and CO3

2− in OSL-G (Feng et al., 2022). 
By comparing the peak spectra of lignite and OSL-G, it is found that there 
are Si-O-Si characteristic absorption peaks near 474 and 1020 cm− 1, and 
OSL-G is significantly enhanced compared with the Si-O-Si character-
istic absorption peaks in lignite, which means that a new silicate or 
silicon oxide appears in OSL-G. By comparing the peak spectra before 
and after adsorption of Pb2+ and Cd2+, it is found that the absorption 
peaks near 474 and 1020 cm− 1 are enhanced in different amplitude, 
indicating that Si-O-Si participated in the adsorption reaction process. In 
addition, the absorption peaks of 708, 870, and 1408 cm− 1 still existed, 
indicating that the adsorption did not destroy the structure of OSL-G, but 
the intensity of the absorption peak increased to different degrees, 
indicating that Ca-O and C-O participated in the adsorption of Pb2+ and 
Cd2+. 

Fig. 6. Microscopic characterization results of Pb2+ and Cd2+ adsorbed by OSL-G. (a) SEM-EDS, (b) FTIR, (c) XRD.  
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3.5.3. XRD 
It can be seen from Fig. 6(c), that lignite is mainly composed of 

organic carbon molecules and inorganic minerals. Lignite has an obvious 
characteristic peak at 2θ = 26.603◦, which is the (003) plane diffraction 
peak of carbon. This proves that lignite is an amorphous carbon struc-
ture (He et al., 2019). The (100) plane diffraction peaks of SiO2 appear 
at 2θ = 20.859◦ and 26.639◦, indicating that the minerals of lignite are 
composed of quartz (Abdelsayed et al., 2018). The EDS results showed 
that lignite still contained a certain amount of Al element, but no 
aluminum compounds were found in the phase detection because of its 
low content and small crystal structure. The characteristic peak of SiO2 
in OSL-G disappeared because part of SiO2 participated in the reaction to 
produce CaCO3, CaSi2O5, CaAl2Si2O8, and Ca7(Si6O18)(CO3)·2H2O 
mineral phases, and the other part of SiO2 became an amorphous gel. 
CaCO3 is the main component of calcite in oyster shells. During the 
sintering process at 640 ◦C, the middle part of CaCO3 will decompose 
into CaO. Part of CaO will react with SiO2, the main component of 
lignite, to form CaSi2O5, while the other part of CaO will undergo a 
hydrolysis reaction with surrounding water and be transformed into Ca 
(OH)2. Ca(OH)2 will continue to react with SiO2, aluminum-containing 
oxides, and other volcanic ash to form CaAl2Si2O8 and Ca7(Si6O18) 
(CO3)⋅2H2O. 

The main mineral phases of OSL-G (Pb2+) are CaCO3, PbO, 
Pb8Si2O12, and CaPb(OH)4. Compared with OSL-G before adsorption, 
CaCO3 still exists after the reaction, and a new mineral phase appears 
during the adsorption of Pb2+. The new product PbO after the reaction is 
caused by the precipitation of Pb(OH)2 generated by the reaction of Pb2+

and OH− during the collection and drying process. Pb8Si2O12 is thought 
to be produced by ion exchange reaction between Pb2+ and silicates in 
OSL-G or electrostatic adsorption with free silicates in solution. CaPb 
(OH)4 is the product of synergistic precipitation of Ca2+, Pb2+, and OH− . 
After OSL-G adsorbed Cd2+, CaCO3 still existed, and new mineral phases 
including Cd(OH)2, CdO, CdSO4·H2O, Cd2SO4(OH)2, Cd3SiO5, Cd2Al2-

Si2O9 were generated. The Cd(OH)2 generated after the reaction is the 
product of the precipitation reaction between Cd2+ and OH− , and the 

CdO is the product of the thermal decomposition of Cd(OH)2, which 
indicates that OSL-G can release a certain amount of OH− . CdSO4·H2O is 
formed after the reaction, which is caused by an ion exchange reaction 
between Cd2+ and metal sulfate existing in lignite, and a complex re-
action between Cd2+, OH− and SO4

2− . The reasons for the generation of 
Cd2SO4(OH)2 are relatively complex, partly due to the complexation of 
Cd2+, OH− and SO4

2− , and partly due to the precipitation and accumu-
lation of Cd(OH)2 generated by the adsorption and precipitation of OSL- 
G with dissolved Cd2+ in solution, resulting in a large number of new 
pores. And then continue to adsorb Cd2+, SO4

2− , OH− produced by the 
water. Cd3SiO5 is thought to be the result of ion exchange between Cd2+

and silicates in OSL-G or electrostatic adsorption with silicates in solu-
tion. The mineral phase of Cd2Al2Si2O9 is formed by the reaction of 
Cd2+, Al3+, and silicate ions. Similar results were obtained in the studies 
of Bartczak et al. (2018), Hao et al. (2019) and Wang et al. (2022). 

In conclusion, there are four potential mechanisms for the adsorption 
of Pb2+ and Cd2+ by OSL-G (Fig. 7). i, electrostatic adsorption. ii, Pb2+

and Cd2+ generate metal oxide precipitates on their surfaces. iii, the ion 
exchange between Pb2+ and Cd2+ and their surface Ca2+. iiii, the surface 
complexation mechanism of Pb2+ and Cd2+ with their surface oxygen- 
containing functional groups. 

3.6. Regeneration and utilization 

The desorption rates of Pb2+ and Cd2+ for different desorption so-
lutions are shown in Fig. 8(a). It can be seen from Fig. 8(a) that acidic 
and alkaline solutions have better desorption effects on Pb2+ and Cd2+, 
and the desorption rate is the lowest in the H2O solution. When the 
desorption solution is 1 mol/L HNO3, the desorption rates of Pb2+ and 
Cd2+ are 74.65 % and 70.52 %, respectively. This may be because when 
the solution is acidic, there is more H+ in the solution, and H+ can 
compete with the adsorption sites of Pb2+ and Cd2+ for ROSL-G. When 
the desorption solution is 1 mol/L NaOH, the desorption rates of Pb2+

and Cd2+ are the highest, which are 89.06 % and 85.45 % respectively. 
Because in the alkaline environment, OH− in the solution can form Pb 

Fig. 7. The potential mechanism of the adsorption for Pb2+ and Cd2+ by OSL-G.  
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(OH)2, [Pb(OH)4]2− , [Pb3(OH)4]2+ and Cd(OH)2 with Pb2+ and Cd2+, 
which is conducive to the desorption of Pb2+ and Cd2+. 

The leachable heavy metal concentration of ROSL-G after 5 cycles 
can be used to indicate the potential toxicity of the sample. The leaching 
amounts of Pb2+ and Cd2+ in ROSL-G were 0.009 mg/L and 0.004 mg/L, 
respectively. On the one hand, heavy metals are fixed to the surface of 
the adsorbent in the form of oxides. On the other hand, the reaction of 
leached heavy metals with water is affected by the oxygen-containing 
functional groups on the surface of the adsorbent, forming surface 
complexes and being fixed (Pan et al., 2020). Therefore, ROSL-G after 5 
cycles has lower toxic properties. 

The adsorption–desorption experiment results of 1 mol/L NaOH so-
lution for ROSL-G are shown in Fig. 8(b) to evaluate the reusability of 
OSL-G. It can be seen from Fig. 8(b), that after 5 times of adsorp-
tion–desorption, the removal rates of Pb2+ and Cd2+ in AMD by ROSL-G 
were still above 50 %, and the adsorption capacities were 6.6425 mg/g 
and 1.3033 mg/g, respectively. The adsorption capacity of ROSL-G to 
heavy metal ions after adsorption–desorption is shown in Fig. 8(c). It can 
be seen from Fig. 8(c), after 5 times of adsorption–desorption, the 
removal rates of Pb(II), Cd(II), TFe, Mn(II), Cu(II), Zn(II), and Cr(VI) by 
ROSL-G were 53.14 %, 52.13 %, 49.78 %, 36.25 %, 30.12 %, 20.71 %, 
and 2.82 %, respectively. After the reaction, there were red-brown, 
white, and blue precipitates in solutions. It shows that ROSL-G may 
depend on its alkalinity to change the heavy metal ions into hydroxide 
precipitation and remove. However, the effect of ROSL-G on the removal 
of Cr(VI) is small, indicating that ROSL-G does not have reducibility and 
can not be removed by turning Cr(VI) into Cr(III). Therefore, ROSL-G 

after adsorption–desorption is still valuable in the removal of other 
heavy metals, and it has a wide range of application values. 

To explore the application potential of OSL-G, the adsorption 
experiment of OSL-G on real AMD was further carried out. It can be seen 
from Fig. 8(d), OSL-G has a good ability to treat heavy metal ions in real 
AMD, with removal rates ranging from 83 to 96 %. However, compared 
with simulated AMD, the removal rate was lower because of competitive 
adsorption between coexisting ions in real AMD. It was worth noting 
that the sulfate removal rate of OSL-G was lowest, because the removal 
of sulfate in AMD depended on not only adsorption, but also on the 
dissimilar reduction of sulfate reducing bacteria to convert it into metal 
sulfide. 

4. Conclusions 

In this paper, OSL-G was successfully prepared from lignite and 
oyster shells and used to remove Pb2+ and Cd2+ from simulated AMD. 
The addition of 4 g/L OSL-G can effectively treat AMD with pH 4 ~ 5 and 
initial Pb2+ and Cd2+ concentrations of 10 mg/L within 600 min. The 
OSL-G adsorption process conforms to the quasi-second-order kinetic 
model and the Freundlich model. The maximum adsorption capacity of 
Pb2+ and Cd2+ by OSL-G was 107.2821 mg/g and 8.3777 mg/g at 
298.15 K, respectively. The adsorption process is a multistage-controlled 
spontaneous endothermic process. The mechanism of the adsorption of 
Pb2+ and Cd2+ by OSL-G is mainly the result of the synergistic effect of 
electrostatic adsorption, neutralization precipitation, ion exchange, and 
surface complexation. In addition, OSL-G is stable and has the potential 

Fig. 8. The regeneration and utilization results of ROSL-G. (a) the desorption rate of Pb2+ and Cd2+. (b) the regenerative capacity of ROSL-G. (c) the removal ability 
of heavy metal ions by ROSL-G. (d) the application potential of OSL-G in real AMD. 
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for reuse and good application. This study proposes a promising envi-
ronmentally friendly adsorbent for AMD. 
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Appendix A 

The removal rate (Re) and adsorption capacity (qe) were calculated by Eqs. (A.1) and (A.2). Pseudo-first-order kinetics, pseudo-second-order 
kinetics, and intra-particle diffusion kinetics were used to fit the adsorption kinetic data of Pb2+ and Cd2+ by OSL-G. The fitting models are shown 
in Eqs. (A.3) ~ (A.5). Langmuir model and Freundlich model were used to fit the adsorption isotherm data of Pb2+ and Cd2+ by OSL-G. The fitting 
models are shown in Eqs. (A.6) and (A.7). Gibbs free energy ΔG, entropy change ΔH, and enthalpy change ΔS were used to describe the thermo-
dynamic behavior of Pb2+ and Cd2+ by OSL-G. The thermodynamic parameters are shown in Eqs. (A.8)–(A.10). The desorption rate was calculated by 
Eq. (A.11). 

Re =
C0 − Ct

C0
× 100% (A.1)  

qe =
(C0 − Ce) × V

M
× 100% (A.2)  

where Re (%) is the removal rate, C0 (mg/L) is the initial mass concentration, Ct (mg/L) is the mass concentration of the adsorbed substance in the 
solution at time t, qe (mg/g) is the adsorption capacity at equilibrium, Ce (mg/L) is the mass concentration of the adsorbed substance in the solution at 
equilibrium, V (L) is the volume of the solution, and M (g) is the mass of OSL-G. 

ln(qe - qt) = lnqt - k1t (A.3)  

t
qt

=
1

k2q2
e
+

t
qe

(A.4)  

qt = kidt⋅t0.5 + c (A.5)  

where qe (mg/g) is the adsorption capacity at adsorption equilibrium, and qt (mg/g) is the adsorption capacity at adsorption time t. k1 (g/(mg⋅min)) is 
the reaction rate constant of the quasi-first-order kinetic model. k2 (g/ (mg⋅min)) is the reaction rate constant of quasi-second-order kinetic model. kidt 
(mg/ (g⋅min0.5)) is the constant of the intra-particle diffusion model. 

Ce

qe
=

1
qmkL

+
Ce

qm
(A.6)  

logqe = logkF +
1
n

logCe (A.7)  

where Ce (mg/L) is the concentration of adsorbent in solution at equilibrium, qe (mg/g) is the adsorption capacity at equilibrium, KL (L/mg) and KF (g/ 
mg) are the coefficients of Langmuir model and Freundlich model, respectively. qm (mg/g) is the maximum adsorption capacity, 1/n is the adsorption 
strength. 

ΔG = - RTlnk (A.8)  

k =
qe

Ce
(A.9)  

lnk =
- ΔH
RT

+
ΔS
R

(A.10)  

where T (K) is the temperature of the adsorption system, R (8.314 J⋅mol− 1⋅K− 1) is the gas constant, k is the adsorption coefficient. 
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η =
C × V
Q × m

(A.11) 

where η (%) is the desorption rate, C (mg/L) is the ion concentration after desorption, V (L) is the volume of desorption solution, Q (mg/g) is the 
adsorption capacity of OSL-G on heavy metal ions, m (g) is the mass of OSL-G. 

Appendix B 

Table B1. BBD levels, test design and the responses.   

Variation Unit Levels 

Low (− 1) Central (0) High (1) 

A Adhesive content % 10 15 20 
B Roasting temperature ◦C 500 600 700 
C Roasting time h 1.5 2.0 2.5  

Run Factors Response values Predicted values  

A B C Pb2þRe (%) Cd2þRe (%) Loss rate (%)  pH  Pb2þRe (%)  Cd2þRe (%) Loss rate (%)  pH     

Y1 Y2 Y3  Y4  Y1  Y2 Y3  Y4 

1 10 500 2.0 99.84 96.07 100  7.23  99.83  96.06 100  7.23 
2 30 500 2.0 99.78 87.16 67.09  6.52  99.78  87.05 66.42  6.64 
3 10 700 2.0 99.95 99.84 53.68  9.99  99.95  99.95 54.35  9.87 
4 30 700 2.0 99.76 93.23 21.63  8.42  99.77  93.24 21.27  8.42 
5 10 600 1.5 99.91 97.01 46.92  7.66  99.92  96.74 48.6  7.72 
6 30 600 1.5 99.76 91.03 2.87  6.67  99.76  90.86 5.59  6.6 
7 10 600 2.5 99.9 97.93 29.58  7.08  99.9  98.1 26.87  7.15 
8 30 600 2.5 99.84 87.99 4.52  6.29  99.83  88.26 2.84  6.23 
9 20 500 1.5 99.75 94.96 92.91  6.98  99.75  95.24 90.87  6.93 
10 20 700 1.5 99.78 99.69 56.1  9.36  99.78  99.86 53.75  9.43 
11 20 500 2.5 99.75 94.38 84.74  6.81  99.76  94.21 87.09  6.75 
12 20 700 2.5 99.82 99.94 31.01  8.62  99.82  99.66 33.05  8.67 
13 20 600 2.0 99.85 96.56 4.28  6.82  99.87  96.71 5.74  6.76 
14 20 600 2.0 99.88 95.92 3.44  6.69  99.87  96.71 5.74  6.76 
15 20 600 2.0 99.9 96.78 8.13  6.71  99.87  96.71 5.74  6.76 
16 20 600 2.0 99.88 97.38 7.81  6.85  99.87  96.71 5.74  6.76 
17 20 600 2.0 99.86 96.91 5.03  6.74  99.87  96.71 5.74  6.76  

Table B2. ANOVA results for adsorption of Pb2+ by OSL-G.   

Source Sum of Squares Degree of Freedom Mean Square F-value P-value significance 

Model  0.062 9  0.00693  26.29  0.0001 ** 
A  0.026 1  0.026  100.35  < 0.0001 ** 
B  0.00451 1  0.00451  17.12  0.0044 ** 
C  0.00151 1  0.00151  5.74  0.0478 * 
AB  0.00423 1  0.00423  16.03  0.0052 ** 
AC  0.00203 1  0.00203  7.68  0.0276 * 
BC  0.00040 1  0.00040  1.52  0.2578  
A2  0.00136 1  0.00136  5.18  0.0571  
B2  0.015 1  0.015  56.56  0.0001 ** 
C2  0.00657 1  0.00657  24.92  0.0016 ** 
Residual  0.00185 7  0.000264    
Lack of Fit  0.000325 3  0.000108  0.29  0.8347  
Pure Error  0.00152 4  0.000380    
Cor Total  0.064 16     
R-Squared = 0.9713  

Adj R-Squared = 0 0.9343 
Pred R-Squared = 0.8820 

Adequate Precision = 15.962  
C.V. % = 0.016   

Note: “*” means significant (P < 0.05); “**” means extremely significant (P < 0.01). 
Table B3. ANOVA results for adsorption of Cd2+ by OSL-G.   

Source Sum of Squares Degree of Freedom Mean Square F-value P-value significance 

Model  224.09 9  24.9  109.88 < 0.0001 ** 
A  123.56 1  123.56  545.27 < 0.0001 ** 
B  50.65 1  50.65  223.53 < 0.0001 ** 
C  0.75 1  0.75  3.31 0.1116  
AB  1.32 1  1.32  5.84 0.0464 * 

(continued on next page) 
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(continued ) 

Source Sum of Squares Degree of Freedom Mean Square F-value P-value significance 

AC  3.92 1  3.92  17.3 0.0042 ** 
BC  0.17 1  0.17  0.76 0.4122  
A2  42.95 1  42.95  189.53 < 0.0001 ** 
B2  1.31 1  1.31  5.8 0.0469 * 
C2  0.00290 1  0.00290  0.013 0.9131  
Residual  1.59 7  0.23    
Lack of Fit  0.45 3  0.15  0.52 0.6903  
Pure Error  1.14 4  0.29    
Cor Total  225.68 16     
R-Squared = 0.9930  

Adj R-Squared = 0 0.9839 
Pred R-Squared = 0.9605 

Adequate Precision = 35.312  
C.V. % = 0.50   

Note: “*” means significant (P < 0.05); “**” means extremely significant (P < 0.01). 
Table B4. ANOVA results for loss rate of OSL-G.   

Source Sum of Squares Degree of Freedom Mean Square F-value P-value significance 

Model  18408.45 9  2045.38  243.27 < 0.0001 ** 
A  2246.85 1  2246.85  267.23 < 0.0001 ** 
B  4155.07 1  4155.07  494.18 < 0.0001 ** 
C  299.51 1  299.51  35.62 0.0006 ** 
AB  0.18 1  0.18  0.022 0.8863  
AC  90.16 1  90.16  10.72 0.0136 ** 
BC  71.57 1  71.57  8.51 0.0224 ** 
A2  97.91 1  97.91  11.65 0.0112 ** 
B2  10543.06 1  10543.06  1253.94 < 0.0001 ** 
C2  456.48 1  456.48  54.29 0.0002 ** 
Residual  58.86 7  8.41    
Lack of Fit  40.93 3  13.64  3.05 0.1551  
Pure Error  17.92 4  4.48    
Cor Total  18467.31 16     
R-Squared = 0.9968  

Adj R-Squared = 0.9927 
Pred R-Squared = 0.9630 

Adequate Precision = 43.851  
C.V. % = 7.95   

Note: “*” means significant (P < 0.05); “**” means extremely significant (P < 0.01). 
Table B5. ANOVA results for pH of the solution.   

Source Sum of Squares Degree of Freedom Mean Square F-value P-value significance 

Model  18.31 9  2.03  181.06 < 0.0001 ** 
A  2.06 1  2.06  183.37 < 0.0001 ** 
B  9.79 1  9.79  871.3 < 0.0001 ** 
C  0.44 1  0.44  38.9 0.0004 ** 
AB  0.18 1  0.18  16.46 0.0048 ** 
AC  0.01 1  0.01  0.89 0.3769  
BC  0.081 1  0.081  7.23 0.0311 * 
A2  0.071 1  0.071  6.36 0.0397 * 
B2  5.55 1  5.55  493.63 < 0.0001 ** 
C2  0.00452 1  0.00452  0.4 0.5463  
Residual  0.079 7  0.011    
Lack of Fit  0.059 3  0.02  4.05 0.1050  
Pure Error  0.019 4  0.004875    
Cor Total  18.39 16     
R-Squared = 0.9957  Adj R-Squared = 0.9902 Pred R-Squared = 0.9469 
Adequate Precision = 44.711  C.V. % = 1.44   
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