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Abstract
In order to solve the problems of high content of Cu2+, Zn2+ and Pb2+ in acid mine wastewater (AMD), and limited adsorption
capacity of lignite, the lignite was used as raw material to prepare magnetically modi�ed lignite (MML), and adsorption
performance of lignite and MML on Cu2+, Zn2+ and Pb2+ was investigated by static beaker experiment and dynamic continuous
column experiment. At the same time, the adsorption mechanism was revealed by means of scanning electron microscopy (SEM),
X-ray diffractometer (XRD) and Fourier transform infrared spectrometer (FTIR). The results showed that the adsorption processes
of lignite and MML on heavy metal ions were more consistent with the Langmuir model, obeying the quasi �rst-order model and
quasi second-order model, respectively. In addition, the intraparticle diffusion model indicated that the adsorption processes were
jointly controlled by multiple adsorption stages. The dynamic continuous column experiments showed that the average removal
rates of Cu2+, Zn2+ and Pb2+ were 78.00%, 76.97% and 78.65% for lignite and 82.83%, 81.57% and 83.50% for MML, respectively.
Compared with lignite, the adsorption effect of MML was better. From SEM, XRD and FTIR tests, it can be seen that the magnetic
modi�cation process successfully loads Fe3O4 onto the surface of lignite, making the surface morphology rougher, and the

adsorption process of MML on Cu2+, Zn2+ and Pb2+ is related to the O-H stretching vibration of carboxylic acid ions and Fe-O
stretching vibration of Fe3O4 particles.

Introduction
During the mining process, coal can change from the original reducing environment to oxidizing environment, and the sul�de in it
can produce a large amount of acid substances under the action of bacteria and oxygen, which can dissolve in water to form acid
mine wastewater (AMD)1. AMD has multiple hazards to the natural environment, speci�cally manifested as low pH, high sulfate
concentration, and high heavy metal ion content2. In addition, Cu2+, Zn2+, Pb2+ and other heavy metal ions cannot be biodegraded
or metabolized. After a series of food chain conduction, these metal elements are easily ingested into the human body, causing
many health threats3,4. Therefore, it is necessary to �nd some reliable methods to remove heavy metal ions such as Cu2+, Zn2+ and
Pb2+ from AMD.

The treatment methods of heavy metal pollution in AMD mainly include neutralization precipitation method, microbiological
method, wetland method and adsorption method, etc.5–8. The neutralization sedimentation method will produce a large amount of
sludge products during the treatment of pollution, which will cause new environmental problems and treatment costs 7. The
microbiological method has high processing cost and harsh reaction conditions. The wetland method has low investment cost,
but it covers a large area and is limited by time. Compared with the above methods, the adsorption method has the advantages of
simple operation and high e�ciency, and is considered as the preferred method to treat heavy metal ions in wastewater9,10.
Activated carbon is a commonly used adsorbent in the adsorption method, which can adsorb heavy metal ions in wastewater very
effectively, but the expensive raw material cost limits its use. Therefore, looking for an economical and reliable adsorption material
has become a hot topic in the current �eld. Lignite is a natural adsorbent material, which is rich in humic acid and has oxygen-
producing functional groups such as carboxyl, hydroxyl, and methoxy groups, and has a certain adsorption effect on heavy metal
ions in solution11–13.Dinesh Mohan et al.14 have demonstrated that lignite can be used as a substitute for activated carbon.
However, primary lignite has a complex composition and a single void structure, which has limited adsorption capacity for heavy
metal ions. Therefore, in order to improve the adsorption performance of lignite, many scholars have modi�ed the lignite. Yang
Qiuyun et al.15 conducted a chemical oxidation modi�cation study on lignite and found that the adsorption capacity of cadmium
by nitri�ed lignite was increased by 20.18%-22.62%. Zhang Huaicheng et al.16 investigated the acid-base modi�cation of lignite
and found that the adsorption capacity of alkalized lignite and sulfonated lignite was signi�cantly improved by 6.6 and 3.6 times,
respectively, compared to untreated lignite. Di Junzhen et al.17 proposed microbial modi�cation of lignite, and the study found that
the removal rate of Cu2+ and Zn2+ by pseudomonas aeruginosa modi�ed lignite was increased by more than 15%. In recent years,
the use of magnetically modi�ed materials as adsorbents to treat heavy metal wastewater has become a research hotspot. Cheng
Zihong et al.18 prepared magnetically modi�ed wood chips using chitosan as a bridging reagent and showed that magnetically
modi�ed wood chips were effective materials for the removal of strontium ions from aqueous solutions. Wang Weiping et al.19

used chemical co-precipitation method to modify sepiolite to study magnetically modi�ed sepiolite for the treatment of heavy
metal wastewater, and the results showed that the increase in speci�c surface area of magnetically modi�ed sepiolite was
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bene�cial to the adsorption of heavy metal ions Cu2+, Pb2+, and Cd2+. Up to now, there are few studies on magnetic modi�cation of
lignite to investigate the properties of magnetically modi�ed lignite (MML) for heavy metal ion adsorption.

In this paper, lignite was used as raw material to prepare magnetically modi�ed lignite by chemical co-precipitation method, and
static beaker experiment and dynamic continuous column experiment were used to compare the treatment effects of lignite and
MML on Cu2+, Zn2+, and Pb2+ in AMD. The adsorption characteristics of lignite and MML on Cu2+, Zn2+ and Pb2+ in AMD were
analyzed based on the test of the effect of initial concentration of heavy metal ions in the solution, adsorption isotherm and
adsorption kinetics test. At the same time, SEM, XRD and FTIR were used to reveal the adsorption mechanism of lignite and MML
to adsorb Cu2+, Zn2+, and Pb2+ in AMD.

Results And Discussion

Effect of different initial concentrations of metal ions on adsorption
The adsorption capacity and removal rates of lignite and MML for different initial concentrations of metal ions are shown in Fig. 1.
The adsorption of heavy metal ions by lignite and MML increases with the increase of initial concentration (Fig. 1). This is due to
the fact that the higher the initial concentration of metal ions, the higher the chance of collision with the adsorption sites on the
surface of the adsorbent material and the better mass transfer driving force, which is conducive to reducing the mass transfer
resistance and increasing the adsorption amount20. The removal rate of lignite and MML for metal elements decreases with
increasing initial concentration, and the slope of the removal rate curve increases signi�cantly near the initial concentration of
Cu2+ at 30 mg/L, Zn2+ at 30 mg/L, and Pb2+ at 50 mg/L. This is because for a �xed amount of adsorbent material, the number of
adsorption sites on its surface is limited and the adsorption effect will reach the best adsorption at a certain metal ion
concentration.

Comparing the adsorption effects of lignite and MML on heavy metal ions, it can be seen that the adsorption capacity and
removal rates of Cu2+, Zn2+ and Pb2+ by MML were higher than those by lignite at the same concentrated metal ion degree. In the
initial concentration range of 10–90 mg/L, the removal rates of Cu2+ and Zn2+ by lignite and MML showed similar trends, and the
difference in removal rates tended to increase. In contrast, the removal rate of Pb2+ by MML in the range of 10–50 mg/L was
almost constant with increasing initial concentration, indicating that Pb2+ in AMD was well removed by MML in this range. In
addition, the difference of adsorption of Cu2+, Zn2+ and Pb2+ between MML and lignite in the range of initial concentration 10–90
mg/L increased with the increase of initial concentration. This phenomenon indicates that MML has greater adsorption potential
than lignite when the concentration of heavy metal ions in AMD solution is higher.

Adsorption isotherm
To clarify the mechanism of Cu2+, Zn2+ and Pb2+ adsorption by lignite and MML, the Langmuir model and Freundlich model were
used to �t the experimental data based on the adsorption isotherm principle.

The Langmuir model assumes that monolayer adsorption occurs on the uniform adsorbent surface, with no interaction between
adsorbates. The Langmuir model is expressed in the following form:

  Ce
qe

=
Ce
qm

+
1

KLqm

(1)

Where qm and qe are the maximum adsorption capacity and the adsorption capacity at equilibrium (mg/g), respectively, Ce is the
adsorbate concentration in solution at equilibrium(mg/L), and KL is the Langmuir adsorption constant (L/mg). The values of qm

and KL can be calculated by a linear relationship. In addition, the equilibrium constant RL of the Langmuir model can be used to
describe the adsorption effect of the adsorption process.The RL equation is of the following form:

 

( )



Page 4/16

  RL = 1/ 1 + KLC0
(2)

where C0 is the initial concentration of metal ions. The value RL<1 indicates good adsorption performance.

Based on multilayer adsorption on non-homogeneous surfaces, the empirical Freundlich equation without assumptions is
expressed in the following form:

 

  lnqe = lnKF +
1
n lnCe

(3)

The adsorption isotherms and corresponding parameters of Cu2+, Zn2+ and Pb2+ adsorption by lignite and MML are shown in Fig.
2 and Table 1, respectively. The correlation coe�cient (R2 > 0.99) of the Langmuir model is higher, indicating that the processes of
Cu2+, Zn2+ and Pb2+ adsorption by lignite and MML are more consistent with the Langmuir model (Table 1). On the basis of this
result, it can be inferred that the processes of Cu2+, Zn2+ and Pb2+ adsorption by lignite and MML belong to Langmuir monolayer
adsorption, where there is no interaction between the heavy metal ions adsorbed on the surface20. Also, RL was found to be less

than 1 by analysis, indicating good adsorption of heavy metal ions21.The 1/n less than 1 in the Freundlich model also con�rms
good adsorption conditions22. Comparing the parameters of the adsorption isotherms of lignite and MML shows that the
correlation coe�cient of the Langmuir model for MML is larger,

 
Table 1

Adsorption isotherm constants for the adsorption of heavy metal ion onto different samples: Lignite; MML.
Metal ion Adsorption material Langmuir Freundlich

KL (L/mg) qm (mg/g) R2 RL KF (L/mg) 1/n R2

Cu2+ Lignite 0.16684 13.36180 0.99576 0.16652 2.26204 0.48950 0.88550

MML 0.25769 16.21270 0.99926 0.11458 3.47001 0.46680 0.91549

Zn2+ Lignite 0.10161 14.79290 0.99571 0.24702 1.82106 0.54410 0.93473

MML 0.20573 15.80530 0.99772 0.13943 3.03035 0.47940 0.92316

Pb2+ Lignite 0.09121 17.52740 0.98246 0.17984 1.90594 0.63730 0.92816

MML 0.25673 18.38700 0.99755 0.07227 8.85303 0.24820 0.85616

 

which may be due to the homogeneous speci�c adsorption sites generated during the magnetization process23. The maximum
adsorption capacities of MML were 16.2127 mg/g, 15.8053 mg/g, and 18.3870 mg/g for Cu2+, Zn2+ and Pb2+, respectively, while
the maximum adsorption capacities of lignite were 13.3618 mg/g, 14.7929 mg/g, and 17.5274 mg/g for Cu2+, Zn2+ and Pb2+,
respectively. It indicates that the adsorption capacity of MML is large. In addition, it has been reported that the larger the
adsorption capacity of the adsorbent the larger the value of KF

23. The value of KF of MML in this study were larger than those of
the original lignite, further con�rming that MML is more likely to adsorb heavy metal ions.

Adsorption kinetics
To clarify the adsorption mechanism of lignite and MML, the adsorption kinetics of Cu2+, Zn2+ and Pb2+ by lignite and MML were
analyzed in this paper using quasi �rst-order kinetic model, quasi second-order kinetic model and intraparticle diffusion model.

Quasi �rst-order model
Lagergren proposed an adsorption analysis method based on solid adsorption capacity20, which is the quasi �rst-order kinetic
equation in the following form:

( )
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  ln qe − qt = lnqe − k1t (4)

 

where qe and qt are the amounts of adsorbed metal ions at equilibrium and at time t (mg/g), respectively, and k1 is the quasi �rst-

order rate constant (min− 1).

Quasi second-order model
The quasi second-order kinetic model is based on the assumption that the adsorption rate is controlled by chemisorption24. The
quasi second-order kinetic model is expressed in the following form: 

where qe and qt are the amounts of adsorbed metal ions at equilibrium and at time t (mg/g), respectively, and k2 is the quasi

second-order rate constant (min− 1).

The results of quasi �rst-order model and quasi-second-order kinetic �ts for the adsorption of Cu2+, Zn2+ and Pb2+ by lignite and
MML are shown in Fig. 3 and Table 2.

From Fig. 3(a) and (b), it can be seen that in the initial stage of adsorption, the slope of the tangent line of the curve is larger,
indicating that the adsorption rate of MML and lignite is faster. As the reaction proceeds, the slope gradually decreases. This is
due to the fact that there are enough effective adsorption sites on the surface of the adsorbent material in the initial stage, but the
adsorption e�ciency decreases after the adsorption sites are gradually occupied. As can be seen from Table 2, the quasi �rst-order
kinetic parameters R2 for the adsorption of Cu2+, Zn2+ and Pb2+ by lignite were high, indicating that the adsorption process
followed the quasi �rst-order kinetic model and was dominated by physical adsorption. The �tted equations of quasi �rst-order l
kinetics of lignite for Cu2+, Zn2+ and Pb2+ were: y = 9.2602*(1 - e− 0.00607x), y = 10.2839*(1 - e− 0.00468x), and y = 11.8456*(1 - e− 

0.01265x), respectively. However, the quasi second-order kinetic parameter R2 for the adsorption of heavy metal ions by MML is high,
indicating that the adsorption process follows a quasi second-order kinetic model. The adsorption mechanism is dominated by
chemisorption24–25, and the adsorption rate is in�uenced by the coordination of active sites on the material surface with metal
ions26. The �tted equations for the quasi second-order kinetics of MML for Cu2+, Zn2+ and Pb2+ were: y = 0.09599x + 8.81861, y = 
0.09333x + 10.01582, and y = 0.05103x + 5.02836, respectively.

Intra-particle diffusion model
The adsorption process usually involves two main mechanisms: �lm diffusion and particle diffusion. In order to determine the way
of metal ions entering the adsorbent material from the solution, the intra-particle diffusion model (Eq. 6) was used to determine the
adsorption rate control steps and the results are shown in Fig. 3 and Table 2.

 

  qt = k3t1/ 2 + C (6)

 

Where qt is the amount of metal ions adsorbed at any moment t (mg/g), k3 is the diffusion rate constant within the particle (min− 

1), and C is the constant involving thickness and boundary layer. The larger the value of C, the greater the contribution

 

( )
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Table 2
Kinetic parameters of heavy metal ion adsorption on different samples: Lignite; MML.

Metal
ion

Adsorption
material

Quas �rst-order model Quasi second-order model Intra-particle diffusion model

K1 qe
(mg/g)

R2 K2 qe
(mg/g)

R2 K3 C R2

Cu2+ Lignite 0.00607 9.26020 0.98854 0.00072 10.1926 0.85585 0.73173 -1.65400 0.87331

MML 0.01311 7.53811 0.99724 0.00104 10.4178 0.99906 0.87488 -1.72723 0.95551

Zn2+ Lignite 0.00468 10.28394 0.98526 0.00070 9.7447 0.78164 0.68009 -1.56120 0.84320

MML 0.01191 7.52736 0.99828 0.00087 10.7147 0.99925 0.85380 -1.78576 0.95279

Pb2+ Lignite 0.01251 11.85742 0.96693 0.00038 19.0330 0.79657 1.47048 -3.53485 0.98318

MML 0.01327 14.01561 0.98903 0.00052 19.5963 0.99463 1.63444 -3.37912 0.97145

 

of the boundary layer.

Figure 3 shows the linear relationship between qt and t1/2. Among them, the parameters of the intra-particle diffusion model for

Cu2+, Zn2+ and Pb2+ adsorption by lignite and MML are shown in Table 2. According to reports, if the plots are linear and pass
through the origin, indicating that intra-particle diffusion is the only rate control step; if the linear plot of the �tted results does not
pass through the origin, indicating that the adsorption rate is also controlled by other adsorption stages27. As can be seen in Fig. 5,
the �tted results for the adsorption of Cu2+, Zn2+ and Pb2+ by lignite and MML are linear and do not pass the origin, indicating that
the rates of Cu2+, Zn2+ and Pb2+ adsorption by lignite and MML are jointly controlled by multiple adsorption stages.

Analysis of the removal effects of lignite and MML on Cu2+, Zn2+ and Pb2+

The dynamic removal effects of lignite and MML on Cu2+, Zn2+ and Pb2+ with time are shown in Fig. 4. The dynamic removal
effects of both lignite and MML on Cu2+, Zn2+ and Pb2+ showed a similar trend (Fig. 4). Metal ions were removed rapidly in the �rst
13 days, with removal rates of Cu2+, Zn2+ and Pb2+ exceeding 95%, 92% and 97%, respectively, and then the removal rate gradually
decreased from day 13 to day 22, and the removal rate was only about 10% at day 22. This phenomenon was attributed to the fact
that there were enough binding sites on the surfaces of adsorbent lignite and MML for metal ions to occupy at the beginning of
the reaction, which made the adsorption process easier. However, the number of effective adsorption sites on the surfaces of
lignite and MML gradually decreased with time, which led to a decrease in the removal rate. During the whole dynamic removal
cycle, the average removal rates of lignite for Cu2+, Zn2+ and Pb2+ were 78.00%, 76.97% and 78.65%, respectively, and the average
removal rates of MML for Cu2+, Zn2+ and Pb2+ were 82.83%, 81.57% and 83.50%, respectively. Apparently, the adsorption capacity
of MML for heavy metal ions increased due to the increase in speci�c surface area and pore volume18.

Characterization Analysis

SEM analysis
The lignite and MML before and after the dynamic test were taken for SEM inspection, and the results are shown in Fig. 5. From
Fig. 5(a) and (b), it can be seen that the surface of lignite is smooth, while the surface of MML is slightly rough, which is mainly
due to the successful loading of Fe3O4 on the surface of lignite leading to the rough surface of MML. A large number of Fe3O4

particles scattered on the surface of lignite increased the speci�c surface area of the adsorbent material, which was bene�cial to
the removal of Cu2+, Zn2+ and Pb2+ by the MML. As shown in Fig. 5(c) and (d), the surfaces of MML and lignite after adsorption of
Cu2+, Zn2+ and Pb2+ were very rough, and the granularity of the MML surface increased signi�cantly, indicating that more heavy
metal ions were adsorbed on the surface of MML.

XRD analysis
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The XRD test results of lignite and MML before the dynamic test are shown in Fig. 5(e). Compared with lignite, the number of
broad peaks in the XRD pattern of MML was reduced, indicating that the lignite changed from amorphous phase to crystalline
phase during the magnetic modi�cation process. The peaks at 2θ = 30.09°, 35.42°, 43.05°, 56.93° and 62.52° show (220), (311),
(400), (511) and (440) diffraction planes, respectively, which are consistent with the standard XRD data of the cubic phase Fe3O4,
and it can be inferred that Fe3O4 is successfully loaded onto the surface of lignite. The signi�cant surface phase changes are
consistent with SEM, which further veri�es that the surface of MML becomes rougher due to the presence of Fe3O4. The rough
surface of MML leads to an increase in speci�c surface area, which facilitates the adsorption of metal ions. The XRD results of
lignite and MML after dynamic tests are shown in Fig. 5(f). Comparing the XRD plots of lignite and MML before and after the
dynamic tests, it can be seen that no other crystal phases appeared in lignite and magnetically modi�ed lignite after adsorption of
Cu2+, Zn2+ and Pb2+, indicating that the adsorption process basically did not affect the crystal structures of lignite and MML.

FTIR analysis
The lignite and MML before and after the dynamic test were taken for FTIR detection, and the results are shown in Fig. 5(g) and
(h). From Fig. 5(g) and (h), it can be seen that the peaks at 3400 cm− 1 for lignite and MML are caused by O-H stretching vibrations
of carboxylic acid groups, the peak at 2920 cm− 1 is attributed to the presence of -CH2 in the stretching of aliphatic compounds,

and the peak at 1600 cm− 1 is related to the stretching vibrations of carboxylic acid functional groups 19,29. The disappearance of
some peaks after magnetic modi�cation of lignite, especially the generation of new peaks at 584 cm-1, is attributed to Fe-O
stretching vibrations of Fe3O4 particles30. It shows that Fe3O4 was successfully loaded onto the lignite surface, which is consistent

with the XRD results. After the adsorption of Cu2+, Zn2+ and Pb2+ by dynamic tests, the band at 3384 cm− 1 shifted to 3392 cm− 1

for lignite, and the same was observed in the FTIR pattern of MML. The band at 3420 cm− 1 shifted to 3426 cm− 1 after the
adsorption of metal ions by MML, which indicates the involvement of surface carboxylic acid ions in the adsorption of metal ions.
The shape of the peak changed after the absorption of metal ions because the hydroxyl group of the carboxylic acid group
stretched the vibration to metal ions. In addition, the band of MML at 584 cm− 1 shifted to 580 cm− 1, indicating the interaction
between Fe3O4 and metal ions during adsorption.

Conclusion
(1) The adsorption and removal rates of Cu2+, Zn2+ and Pb2+ by MML are higher than those by lignite under the same metal
concentration conditions. When the concentration of heavy metal ions in AMD solution is higher, MML has greater adsorption
potential than lignite.

(2) The isothermal adsorption lines of lignite and MML for adsorption of Cu2+, Zn2+ and Pb2+ are consistent with the Langmuir
model, indicating that the adsorption is consistent with the unimolecular layer adsorption process. The adsorption processes of
lignite for Cu2+, Zn2+ and Pb2+ obeyed the quasi �rst-order kinetic model, indicating that the adsorption process was dominated by
physical adsorption, and the �tted equations were: y = 9.2602*(1-e− 0.00607x), y = 10.2839*(1-e− 0.00468x), and y = 11.8456*(1-e− 

0.01265x), respectively. The adsorption process of MML obeys the quasi second-order kinetic model, which indicates that the
adsorption process is dominated by chemisorption and the adsorption rate is in�uenced by the coordination of active sites on the
material surface with metal ions, and the �tted equations are: y = 0.09599x + 8.81861, y = 0.09333x + 10.01582, y = 0.05103x + 
5.02836. The �tting results of intra-particle diffusion model show that the adsorption processes of lignite and MML are jointly
controlled by multiple adsorption stages.

(3) The dynamic experimental results showed that the removal effect of MML on heavy metal ions was signi�cantly better than
that of lignite, where the average removal rates of lignite for Cu2+, Zn2+ and Pb2+ were 78.00%, 76.97% and 78.65%, respectively,
and the average removal rates of MML for Cu2+, Zn2+ and Pb2+ were 82.83%, 81.57% and 83.50%.

(4) From SEM, XRD and FTIR tests, it can be seen that the magnetic modi�cation process successfully loads Fe3O4 onto the
surface of lignite, which destroyed the surface structure of lignite and made the surface morphology more rough. The adsorption
process of MML on Cu2+, Zn2+ and Pb2+ is related to the O-H stretching vibration of carboxylic acid ions and Fe-O stretching
vibration of Fe3O4 particles.



Page 8/16

Materials And Methods

Instruments
In this experiment, SEM (ZEISS-Sigma 500, GER) was used to observe the morphological characteristics and surface morphology
of the samples. The phase and structure of the adsorbent were determined by XRD (Rigaku-SmartLab9, Japan). FTIR (Thermo
Fisher-Nicolet iS5, USA) equipped with a potassium bromide spectrometer (KBr, FTIR grade) was used for the analysis of
adsorbent materials. The �ame ion spectrophotometer (Hitachi-Z2000, Japan) was used to detect the concentration of metal ions
in the solution.

Raw materials
The lignite was purchased from Shanxi Fuhong Mineral Products Co., Ltd, crushed and ground through 60 mesh sieve, soaked and
washed 2–3 times with deionized water, and dried at 80℃ as the original material.

Preparation of MML
The chemical co-precipitation method is used to magnetically modify the lignite, that is, to load Fe3O4 magnetic particles on the
surface of the lignite. The formation reaction formula of Fe3O4 is as follows.

 

  Fe2++Fe3++8OH-=Fe3O4↓+4H2O (7)

According to the results of the previous experiments of the group20, the ratio of Fe2+ to Fe3+ substance was set to 1:2, and a 200
mL, 0.7 mol/L Fe ion solution was prepared and placed in a constant temperature water bath at 60°C. After weighing 10 g of
lignite into the Fe solution and stirring for 1 h under the action of an electric speed-controlled stirrer with a speed of 350 r/min,
concentrated ammonia with a mass fraction of 25% was added drop by drop to pH 9, and stirring was continued for 1 h. The
precipitate obtained from the reaction was washed repeatedly with deionized water to make the supernatant neutral, and the
magnetic material was separated by a magnet and dried in a vacuum drying oven for 12 h to obtain the MML.

Experimental methods

Adsorption isotherm experiment
Cu2+, Zn2+ and Pb2+ solutions with initial concentrations of 10 mg/L, 30 mg/L, 50 mg/L, 70 mg/L and 90 mg/L were prepared, and
the pH of each solution was adjusted to 4. Lignite was added to the solution at a solid-liquid ratio of 1:250 (g/mL), and the sample
was adsorbed by shaking at 150 r/min for 180 min and removed by pipetting. After �ltered by 0.45 µm microporous membrane,
the concentrations of Cu2+, Zn2+ and Pb2+ remaining in the �ltered solution were detected, and the removal rate and adsorption
amount were calculated by using equations (2) and (3). The experimental procedure of MML adsorption isotherm was as
described above.

 

  E =
C0−Ct

C0
× 100% (8)

 
qe =

C0−Ce V
M

(9)

where E is the removal rate (%), C0 is the initial mass concentration (mg/L), Ct is the mass concentration of the remaining metal
ions in the solution at time t (mg/L), qe is the adsorption amount at equilibrium (mg/g), Ce is the mass concentration of the

( )
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remaining metal ions in the solution at equilibrium (mg/L), V is the volume of the solution (L), and M is the mass of the adsorbent
material (g).

Adsorption kinetics experiment
Each 250 mL, 30 mg/L of Cu2+, Zn2+ solution and 250 mL, 50 mg/L of Pb2+ solution were added to a 500 mL conical �ask, the pH
of the solution was adjusted to 4 with 3% HNO3, and 1 g of lignite was added. The conical �ask was placed in an oscillator at 150
r/min for oscillatory adsorption, and samples were taken at intervals (5 min, 10 min, 15 min, 30 min, 60 min, 90 min, 120 min and
180 min) with a pipette, and the removed samples were �ltered through a 0.45 µm microporous membrane to detect the remaining
Cu2+, Zn2+ Pb2 + concentration in the solution, and the removal rate and adsorption amount were calculated respectively. The
experimental procedure of magnetic modi�ed lignite adsorption kinetics was as described above.

Dynamic experiment
Acrylic columns 1# and 2# with an inner diameter of 40 mm and a height of 250 mm were set up and �lled with lignite and
magnetically modi�ed lignite, respectively. The dynamic columns were arranged with 25 mm high glass beads of 3–5 mm in
diameter at the top and bottom, 100 mm high lignite in the middle of 1# acrylic column, and 100 mm high magnetically modi�ed
lignite in the middle of 1# acrylic column. According to the static test results, a solution with pH = 4, Cu2+, Zn2+ and Pb2+

concentrations of 30 mg/L, 30 mg/L and 50 mg/L was prepared as the laboratory simulated AMD test solution with reference to
the measured water quality index of AMD in a mining area in Huludao City, Liaoning Province. The overall operation mode was
"lower inlet and upper outlet" continuous operation, and the inlet �ow rate was adjusted to 0.556 mL/min by peristaltic pump and
�owmeter, and the experimental setup is shown in Fig. 6. The two sets of dynamic columns were operated continuously at room
temperature for 20 days, and the samples were taken every 12 h. The samples were �ltered through 0.45 µm microporous
membrane and the remaining Cu2+, Zn2+ and Pb2+ concentrations in the solution were detected.
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Figures

Figure 1

Relationship between initial concentration and adsorption effect using sorbent dose of 1 g/mL. (a) Cu2+, (b) Zn2+, (c)Pb2+.
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Figure 2

Linear plots of adsorption isotherms of heavy metal ion adsorption on different samples: Lignite; MML. (a) Cu2+Langmuir, (b)
Cu2+Freundlich, (c) Zn2+Langmuir, (d) Zn2+Freundlich, (e)Pb2+Langmuir, (f) Pb2+ Freundlich
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Figure 3

dsorption kinetics of heavy metal ion adsorption on different samples: Lignite; MML.
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Figure 4

Removal effect of heavy metal ion. (a) Cu2+, (b) Cu2+, (c) Zn2+, (d) Zn2+, (e) Pb2+, (f) Pb2+.
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Figure 5

SEM images of (a) Lignite, (b)MML, (c) Lignite after heavy metal ion adsorption, (d)MML after heavy metal ion adsorption. XRD
patterns of Lignite and MML: (e) Before adsorption, (f) After adsorption. FTIR spectra of Lignite and MML: (g) Before adsorption,
(h) After adsorption.
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Figure 6

Dynamic test running device diagram.


