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orption performance of coal
gangue-loaded nano-FeOOH for the removal of
Pb2+, Cu2+, and Cd2+ from acid mine drainage

Xuying Guo, *ab Xiaoyue Zhang,b Zilong Zhao,c Yanrong Dong,b Honglei Fu,b

Fanbo Mengc and Wei Sund

In view of the serious pollution caused by heavy metals such as Pb2+, Cu2+ and Cd2+ present in acid mine

drainage (AMD) and the difficulty in their treatment, based on the stable mineral skeleton structure of coal

gangue and the good adsorption of nano-FeOOH, coal gangue-loaded nano-FeOOH (nFeOOH-CG) was

successfully prepared via chemical precipitation. The effects of nFeOOH-CG on the removal of Pb2+, Cu2+

and Cd2+ from AMD were systematically investigated under different adsorbent dosage, initial pH, reaction

time and initial concentration conditions. The adsorption mechanism of nFeOOH-CG was revealed using

the adsorption isotherm, adsorption kinetics, adsorption thermodynamic model, SEM-EDS, XRD, TEM,

FTIR spectroscopy and BET characterization. Results indicated that the rate of Pb2+, Cu2+ and Cd2+

removal by nFeOOH-CG reached 96.85%, 88.38% and 73.1%, respectively, under the conditions of 5 g

per L dosage; pH 4; 150 min reaction time and 100 mg per L initial concentration of Pb2+, Cu2+ and

Cd2+, which were significantly better than those of unmodified coal gangue. The process of Pb2+, Cu2+

and Cd2+ adsorption by nFeOOH-CG conforms to the Langmuir and pseudo-second-order kinetic

models, indicating that the adsorption mechanism mainly involves monolayer and chemical adsorption.

The adsorption of Pb2+ and Cu2+ by nFeOOH-CG is a spontaneous, endothermic and entropy-

increasing process, while the adsorption of Cd2+ is a non-spontaneous, endothermic and entropy-

increasing process. Characterization analysis showed that the specific surface area of nFeOOH-CG was

103.68 m2 g−1, which was 13.22 times higher than that of coal gangue. The loading of nFeOOH

significantly increased the specific surface area and surface active sites of coal gangue. The adsorption

mechanism of nFeOOH-CG on Pb2+, Cu2+ and Cd2+ was mainly attributed to the increased specific

surface area, surface complexation, electrostatic attraction and ion exchange. This study provides

a theoretical basis and technical reference for the efficient resource utilization of coal gangue and the

environmental remediation of AMD.
1 Introduction

China is one of the world's leading producers of coal. While coal
mining has signicantly contributed to the country's socio-
economic development and helped meet the increasing
demand for mineral resources, it generates substantial quan-
tities of acid mine drainage (AMD).1–3 As AMD is rich in heavy
metal ions, it easily causes heavy metal pollution, which seri-
ously endangers the ecological environment and human
health.4–6 Fe2+ and Mn2+ ions dominate the AMD system with
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their high concentrations,7,8 but such pollutant ions can usually
be effectively controlled using conventional precipitation
methods.9 In contrast, although Pb2+, Cu2+ and Cd2+ are oen
present at low concentrations, they have become target pollut-
ants that need priority treatment because of their strong
chemical toxicity and irreversible ecotoxicological effects. At
present, AMD treatment technologies mainly include chemical
precipitation,10 ion exchange,11 biological12 and adsorption13

methods. Among them, the adsorption method has attracted
much attention owing to its advantages of simple operation,
controllable cost and strong adaptability. Adsorption materials
are the key to the application of the adsorption method.
However, among the adsorbents currently used, such as ion
exchange resin,14 biochar,15 activated carbon16 and graphene,17

ion exchange resin encounter the problem of high regeneration
cost. Although commercial activated carbon and graphene have
high adsorption capacity, their preparation process is compli-
cated, mainly involving high-temperature activation or
RSC Adv., 2025, 15, 22161–22178 | 22161
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chemical vapor deposition. However, cheap biochar generally
has defects such as poor selectivity and slow adsorption rate.
This technical and economic contradiction has prompted us to
develop new adsorption materials based on industrial solid
waste. By combining solid waste coal gangue with nano-FeOOH,
we can not only inherit the cost advantage of biochar, but also
use the specic coordination ability of FeOOH to achieve effi-
cient adsorption of heavy metal ions.

Coal gangue, the solid waste produced in the process of coal
mining and washing, has become a key problem restricting the
sustainable development of coal energy industry.18–20 At present,
coal gangue is mainly used in lling materials, production of
building materials, power generation and so on.21 Most of these
disposal methods have low added value, and high-added-value
application technology is relatively scarce. Therefore, it has
become an urgent problem to explore the economic, efficient
and green resource utilization of coal gangue. In recent years,
a large number of researchers have been committed to using
coal gangue as an adsorbent in the eld of environmental
pollution remediation22,23 based on the inorganic components
such as silicon and aluminum and the porous structure char-
acteristics of coal gangue. Fan24 explored the repair effect of
fresh coal gangue on mine water through dynamic tests. The
results showed that the removal rate of Pb2+ by fresh coal
gangue reached 57.28%, but the removal rates of Cu2+ and Cd2+

were only 27.38% and 42.67%. It can be seen that when
untreated coal gangue is directly used as an adsorbent, the
adsorption capacity is not strong and the adsorption activity is
low, which limits its practical application efficiency. Gao et al.25

used coal gangue as a raw material to prepare ZSM-5 molecular
sieve, and the theoretical maximum adsorption capacity of Pb2+

and Cu2+ could reach 232.56 mg g−1 and 118.34 mg g−1,
respectively. Thermal activation can improve the adsorption
capacity of heavy metals, but there is a risk of secondary
pollution. Shang et al.26 prepared sulydryl modied coal
gangue by modifying coal gangue with trimethoxysilane. The
results showed that themaximum adsorption capacities of Pb2+,
Cu2+ and Hg2+ were 332.8 mg g−1, 110.4 mg g−1 and 179.2 mg
g−1, respectively. Surfactant modication can improve selec-
tivity, but it requires expensive reagents. These traditional
modication methods have the disadvantages of high process-
ing cost, complex process and instability, and it is difficult to
achieve industrial promotion. Ma et al.27 used 5% acetic acid
solution to dissolve chitosan and controlled the mass ratio of
chitosan/modied coal gangue to be 0.09. The coal gangue/
chitosan composite material was prepared by impregnation
method, and the composite material particles were obtained.
Under the optimum conditions, the removal rate of Cr6+

reached 97.57%. Wang et al.28 prepared coal gangue-loaded Fe/
FeOx by a chemical liquid-phase reduction method. Under the
optimal conditions, the removal rate of Cd2+ reached 99.12%. It
can be seen that loading other substances on coal gangue will
effectively increase its adsorption performance.

Iron-based oxides are widely used as adsorbents in the eld
of environmental remediation due to their excellent redox
activity, high specic surface area and environmental friendli-
ness. Among them, nano-FeOOH exhibits strong adsorption
22162 | RSC Adv., 2025, 15, 22161–22178
and catalytic degradation ability for heavy metal ions due to its
high specic surface area and abundant hydroxyl groups on the
surface. Mohamed et al.29 prepared nano-FeOOH by a chemical
precipitation method and studied the adsorption of Pb2+. The
results indicated that the theoretical maximum adsorption
capacity of nano-FeOOH for Pb2+ can reach 15.11 mg g−1.
However, the mechanical strength of FeOOH nanoparticles is
weak and they are easy to aggregate, which limits their large-
scale application. To this end, researchers have tried to load
nano-FeOOH on porous substrate materials to enhance their
dispersibility and mechanical strength. Hao et al.30 prepared
mesoporous alumina–carbon nanosheet-loaded nano-FeOOH
particles by hydrothermal synthesis to remove Cr6+ in waste-
water, and the adsorption capacity of Cr6+ was increased to
120 mg g−1. Li et al.31 studied the performance of Mn/FeOOH
composites as adsorbents in the removal of Pb2+ and Cd2+.
Under optimal conditions, the removal capacity of Pb2+ and
Cd2+ was 18% and 40% higher than that of FeOOH, respectively.
It can be seen that the selection of carrier materials with a stable
structure to load nano-FeOOH for preparing composite
adsorption materials can effectively overcome the shortcomings
of nano-materials such as easy agglomeration and weak
mechanical strength and greatly improve the adsorption
performance. The coal gangue has a stable structure and
contains multiple clays, which can be used as a mineral skel-
eton to provide an ideal loading platform for nanomaterials.
Therefore, coal gangue was used as a mineral carrier to load
nano-FeOOH to construct a composite material for AMD
remediation.

Based on this, this study used mineral loading technology
and chemical precipitation method to prepare a composite
adsorption material, coal gangue-loaded nano-FeOOH
(nFeOOH-CG), with cost advantages and high adsorption
performance, and applied it to the treatment of Pb2+, Cu2+ and
Cd2+ in AMD. The effects of adsorbent dosage, initial pH,
contact time and initial concentration of solution on the
adsorption of Pb2+, Cu2+ and Cd2+ by nFeOOH-CG were inves-
tigated. The adsorption mechanism of Pb2+, Cu2+ and Cd2+ on
nFeOOH-CG was revealed by adsorption isotherm, adsorption
kinetics, adsorption thermodynamics, SEM-EDS, XRD, FTIR
spectroscopy and BET. It provides technical reference for the
high value utilization of coal gangue and the repair method of
acid mine wastewater.

2 Materials and methods
2.1. Experimental materials

Coal gangue samples were collected from Fuxin City, Liaoning
Province (42.01°N, 121.65°E). The material was sieved to 90–120
mesh, washed three times with deionized water, and dried at
378.15 K in a forced-air drying oven (Model DHG-9030,
Shanghai Yiheng Scientic Instruments Co., Ltd, China) prior
to experimentation. The main chemical components of coal
gangue were determined by X-ray uorescence spectrometry
(XRF), and the results are shown in Table 1.

The following analytical-grade reagents were employed:
NaOH, HNO3, Fe(NO3)3$9H2O, Pb(NO3)2, Cu(NO3)2$3H2O, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Main compositions of Fuxin coal gangue

Component SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3

Content (%) 57.63 0.80 14.60 9.15 0.22 5.41 7.91 1.03 2.34 0.27 0.64
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Cd(NO3)2$4H2O, all obtained from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Deionized water was used
throughout the experimental procedures.

Simulated AMD wastewater: the simulated heavy metal ion
concentration was formulated with reference to the actual water
quality of a coal mining area in Shanxi Province. Pb(NO3)2,
Cu(NO3)2$3H2O and Cd(NO3)2$4H2O were dissolved in deion-
ized water to obtain a simulated water sample containing Pb2+,
Cu2+ and Cd2+ at a concentration of 100 mg L−1. The simulated
AMDwastewater was treated by simulated AMDwastewater. The
pH of the solution was adjusted to 4 with 0.1 mol per L HNO3

and 0.1 mol per L NaOH.
2.2. Experimental methods

2.2.1. Preparation of nFeOOH-CG. Pretreated coal gangue
(10 g) with a particle size of 90–120 mesh was put into 200 mL of
0.25 mol per L Fe(NO3)3 solution and stirred at 300 rpm for 3 h
using a magnetic stirrer (Suzhou Guohua Instrument Co., 84-1,
Ltd, China). The suspension was rapidly titrated with 1 mol
per L NaOH under continuous stirring until the reaction system
reached a pH of 12. The mixture was then transferred to
a constant-temperature oscillator (Model SHA-8, Jiangsu Guo-
wang Instrument Co., Ltd, China) and maintained at 60 °C for
60 h. The resulting product was ltered, washed to neutral pH,
dried at 80 °C in an electric blast drying oven (Model DHG-
9030A, Shanghai Yiheng Scientic Instruments Co., Ltd,
China), and ground to obtain the nFeOOH-CG (Fig. 1).

2.2.2. Performance evaluation methods. To assess the
potential of nFeOOH-CG as an adsorbent, its performance in
removing Pb2+, Cu2+, and Cd2+ from AMD was systematically
evaluated. Batch experiments investigated the effects of adsor-
bent dosage (2–6 g L−1), initial pH (2–6), contact time (5–180
min), and initial metal concentration (50–250 mg L−1) on the
removal rate. A control group containing equivalent masses of
raw coal gangue (90–120 mesh) was tested for comparison.
Fig. 1 Preparation process for nFeOOH-CG.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Triplicate trials were conducted for all conditions, with mean
values reported. The removal rate (h, %) and adsorption
capacity (qe, mg g−1) were calculated using the following
equations:

h ¼ C0 � Ct

C0

� 100% (1)

qe ¼ ðC0 � CtÞ � V

m
(2)

where: h is the removal rate, %; Co and Ct represent the initial
and residual concentrations of the target ions,
respectively, mg L−1; qe is the adsorption capacity, mg g−1; V is
the solution volume, L; m is the adsorbent mass, g.

2.2.2.1 Experimental steps. Under the conditions of room
temperature of 298.15 K, initial solution pH of 4, and initial
concentrations of Pb2+, Cu2+, and Cd2+ of 100 mg L−1, nFeOOH-
CG with different masses (2, 3, 4, 5, and 6 g L−1) was weighed
into 200 mL simulated wastewater, and a magnetic stirrer was
used to stir at 150 rpm for 150 min. The concentration was
measured to investigate the effect of adsorbent dosage on the
removal of Pb2+, Cu2+, and Cd2+ in AMD by nFeOOH-CG. Under
the conditions of room temperature of 298.15 K, initial pH
values of the solution of 2, 3, 4, 5, and 6, initial concentration of
Pb2+, Cu2+, and Cd2+ of 100 mg L−1, nFeOOH-CG with a mass of
5 g L−1 was weighed and put into 5 groups of 200 mL simulated
wastewater. A magnetic stirrer was used to stir for 150 min at
a speed of 150 rpm. Finally, the sample was analyzed, and its
concentration was measured to investigate the effect of initial
pH of the solution on the removal of Pb2+, Cu2+, and Cd2+ in
AMD by nFeOOH-CG. Under the conditions of room tempera-
ture of 298.15 K, initial solution pH of 4, initial concentration of
Pb2+, Cu2+, and Cd2+ of 100 mg L−1, nFeOOH-CG with a mass of
5 g L−1 was weighed into 200 mL simulated wastewater, and
a magnetic stirrer was used to stir at a speed of 150 rpm for 5,
10, 20, 30, 40, 50, 60, 90, 120, 150 and 180 min. Aer sampling
RSC Adv., 2025, 15, 22161–22178 | 22163
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and detecting its concentration, the effect of contact time on the
removal of Pb2+, Cu2+, and Cd2+ in AMD by nFeOOH-CG was
investigated. Under the conditions of room temperature of
298.15 K, initial pH of 4, initial concentrations of Pb2+, Cu2+,
and Cd2+ of 50, 100, 150, 200, 250 mg L−1, nFeOOH-CG with
a mass of 5 g L−1 was added to 5 groups of 200 mL simulated
wastewater. A magnetic stirrer was used to stir at a speed of
150 rpm for 150 min. Aer sampling and detection of its
concentration, the effect of nFeOOH-CG on the removal of Pb2+,
Cu2+, and Cd2+ in AMD was investigated.

2.2.3. Adsorption isotherm, kinetics, and thermodynamics
experiments

2.2.3.1 Pb2+, Cu2+, and Cd2+ adsorption isotherm experiment
in AMD. At 298.15 K, the initial pH of the solution was 4, and the
initial concentrations of Pb2+, Cu2+, and Cd2+ were 50, 100, 150,
200, and 250 mg L−1, respectively. nFeOOH-CG with a mass of
5 g L−1 was added to 200 mL of simulated wastewater, and
a magnetic stirrer was used to stir at a speed of 150 rpm. When
the reaction was carried out for 150 min, the residual concen-
tration of Pb2+, Cu2+, and Cd2+ was determined aer passing
through a 0.45 mm lter membrane. Each group of experiments
were repeated three times, and the mean value was taken.

The adsorption of Pb2+, Cu2+, and Cd2+ on coal gangue and
nFeOOH-CG was isothermally tted by Langmuir and Freund-
lich adsorption isotherm equations to better evaluate the
adsorption reaction mechanism. The equation is as follows:

Langmuir adsorption isotherm model :
Ce

qe
¼ 1

qmKL

þ Ce

qm
(3)

Freundlich adsorption isotherm model: qe = KFCe
1/n (4)

ln qe ¼ ln KF þ 1

n
ln Ce (5)

where: Ce is the equilibrium concentration of the
pollutant, mg L−1; qe is the equilibrium adsorption capacity, mg
g−1; qm is the maximum monolayer adsorption capacity, mg
g−1; KL is the Langmuir constant; KF is the Freundlich constant;
n is the adsorption intensity factor.

2.2.3.2 Adsorption kinetics of Pb2+, Cu2+, and Cd2+ in AMD.
Under the conditions of room temperature of 298.15 K, initial
pH of 4, initial concentration of Pb2+, Cu2+, and Cd2+ of
100 mg L−1, nFeOOH-CG with a mass of 5 g L−1 was added to
200 mL simulated wastewater and stirred at 150 rpm using
a magnetic stirrer. Aer stirring for 5, 10, 20, 30, 40, 50, 60, 90,
120, 150 and 180 min, the remaining Pb2+, Cu2+, and Cd2+

concentrations in the solution were determined. Each group of
experiments were repeated three times, and the mean value was
taken.

Lagergren rst-order adsorption kinetic model, Lagergren
second-order adsorption kinetic model and intraparticle diffu-
sion model were used to t Pb2+, Cu2+, and Cd2+ in coal gangue
and nFeOOH-CG-treated AMD. The linear expression of the
adsorption kinetic model is as follows:

Lagergren first-order adsorption kinetic model: ln(qe − qt) =

ln qe − k1t (6)
22164 | RSC Adv., 2025, 15, 22161–22178
qt = qe(1 − e−k1t) (7)

Pseudo-second-order kinetic model :
t

qt
¼ 1

k2qe2
þ t

qe
(8)

Intra-particle diffusion model: qt = kpt
1/2 + C (9)

where qt is the adsorption capacity at time, mg g−1; qe is the
equilibrium adsorption capacity, mg g−1; k1 is the pseudo-rst-
order rate constant, min−1; k2 is the pseudo-second-order rate
constant, mg g−1 min−1; kp is the intra-particle diffusion rate
constant, mg g−1 min−1/2.

2.2.3.3 Adsorption thermodynamics of Pb2+, Cu2+, and Cd2+ in
AMD. Under the conditions of room temperature of 298.15 K,
308.15 K and 318.15 K, initial pH of 4 and initial concentration
of Pb2+, Cu2+, and Cd2+ of 100 mg L−1, nFeOOH-CG with a mass
of 5 g L−1 was added to three groups of 200 mL simulated
wastewater and stirred at a speed of 150 rpm using a magnetic
stirrer. When the reaction was carried out for 150 min, the
residual concentration of Pb2+, Cu2+, and Cd2+ was determined
aer passing through a 0.45 mm lter membrane. Each group of
experiments were repeated three times, and the mean value was
taken.

Through the experimental data of Pb2+, Cu2+, and Cd2+

adsorption by nFeOOH-CG, the effect of temperature on the
adsorption effect was discussed and the thermodynamic char-
acteristics of adsorption were analyzed. The equation is as
follows:

Kd ¼ qe

ce
(10)

DG = −RT lnK (11)

DG = DH − TDS (12)

ln Kd ¼ DS

R
� DH

RT
(13)

where: DG is the Gibbs free energy change, kJ mol−1; DH is the
enthalpy change, kJ mol−1; DS is the entropy change, J mol−1

K−1; Kd is the thermodynamic equilibrium constant; R is the gas
constant, 8.314 J mol−1 K−1; T is the temperature, K.

2.2.4. Leaching toxicity test method. According to the
“solid waste leaching toxicity method-sulfuric acid/nitric acid
method” (HJ/T300-2007), sulfuric acid and nitric acid with
a mass ratio of 2/1 were added to deionized water to make the
solution pH 3.1–3.3. The dried coal gangue and nFeOOH-CG
were added to the above extract at a solid–liquid ratio of 1/10
(g mL−1) and stirred at room temperature for 18 h. The
concentration of main heavy metal ions was detected using
a ame atomic spectrophotometer. Three parallel samples were
set up in each group, and the average value was taken as the
result.

2.2.5. Regeneration test of nFeOOH-CG. The reusability of
nFeOOH-CG was evaluated by three cycles of adsorption–
desorption experiments. In the experiment, 200 mL of simu-
lated AMD wastewater was taken each time, and 5 g per L
nFeOOH-CG adsorbent was added. The adsorption process was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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completed by stirring at 150 rpm for 150 minutes at room
temperature. Subsequently, 0.5 mol per L EDTA eluent was used
for desorption and regeneration treatment, followed by stirring
for 3 h. Aer desorption, the adsorbent was centrifuged,
cleaned and dried to be reused for Pb2+, Cu2+ and Cd2+

adsorption experiments under the same experimental condi-
tions. Three parallel samples were set up in each group, and the
average value was taken as the result.

2.2.6. Water quality analysis and material characterization
methods. Pb2+, Cu2+, and Cd2+ were determined using a ame
atomic spectrophotometer (GB/7475-87, China) at 283.3, 324.7
and 228.8 nm wavelengths, and the pH was determined by
a glass electrode method (GB/T 6920-86).

The surface morphology of the materials was analyzed by
scanning electron microscopy coupled with energy-dispersive
spectroscopy (SEM-EDS, SIGMA 500, Carl Zeiss AG, Germany).
Measurements were conducted at 10 mA current and 15 kV
accelerating voltage, under argon protection, with magnica-
tion ranging from 5000× to 100 00×. X-ray diffraction (XRD, D8
ADVANCE, Bruker Corporation, Germany) was employed for
mineralogical composition analysis and crystal structure
determination. The measurements used a Cu-Ka radiation
source (40 kV, 30 mA) with a scanning range of 2q = 10°–90°,
a step size of 0.02°, and a scanning speed of 0.5 s per step. A
Fourier transform infrared (FTIR) spectrometer (VERTEX 70,
Bruker Corporation, Germany) was used to identify surface
Fig. 2 Effect of adsorbent dosage on the removal of Pb2+, Cu2+, and Cd2

adsorbent dosage on the Cu2+ removal rate. (c) Effect of adsorbent dos
(Experimental conditions: initial pH = 4; contact time = 150 min; initial
298.15 K; stirring speed = 150 rpm).

© 2025 The Author(s). Published by the Royal Society of Chemistry
functional groups. The samples were dried, ground to <0.074
mm, mixed with KBr at 1/100 ratio, and pressed into pellets.
Spectra were recorded in the 400–4000 cm−1 wavenumber
range. The specic surface area and pore size distribution were
determined by the Brunauer–Emmett–Teller (BET) method
using a Micromeritics ASAP 2460 analyzer (Micromeritics
Instrument Ltd, USA). The samples were degassed at 200 °C for
6 h under vacuum prior to N2 adsorption measurements.
3 Results and discussion
3.1. Performance evaluation experiments

3.1.1. Effect of adsorbent dosage. It can be seen from Fig. 2
that with the increase in nFeOOH-CG dosage from 2.0 g L−1 to
5.0 g L−1, the removal rates of Pb2+, Cu2+ and Cd2+ increased
signicantly to 96.25%, 86.34% and 75.62%, respectively, and
the pH value of the solution also increased. When the dosage
was more than 5.0 g L−1, the removal behavior of the three
metal ions was different: the removal efficiency of Pb2+ and Cu2+

increased by less than 2%, while the removal rate of Cd2+ still
increased slightly from 75.62% to 78.15%. This is because with
the increase in nFeOOH-CG dosage, the specic surface area of
the composite increases, and the effective adsorption sites of
Pb2+, Cu2+, and Cd2+ increase, thereby adsorbing and removing
a large amount of pollutants.32 However, when the dosage
increases to a certain extent, the adsorption site of the
+. (a) Effect of adsorbent dosage on the Pb2+ removal rate. (b) Effect of
age on the Cd2+ removal rate. (d) Effect of adsorbent dosage on pH.
concentration of Pb2+, Cu2+, and Cd2+ = 100 mg L−1; temperature =
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composite material is excessive, but the residual pollutants in
the solution are less, resulting in a small increase in the removal
rate, and the utilization rate of the composite material is greatly
reduced.33 In addition, at a large dosage, agglomeration occurs
between the adsorbents, resulting in the stacking of adsorption
sites, resulting in a decrease in the specic surface area,
limiting the adsorption capacity of the material.34 In summary,
under the premise of ensuring high pollutant removal rate and
saving adsorbent dosage, 5 g L−1 was selected as the adsorbent
dosage for subsequent experiments.

3.1.2. Effect of initial pH. It can be seen from Fig. 3 that
with the increase in the initial pH of the solution, the removal
rate and pH of Pb2+, Cu2+, and Cd2+ in AMD by nFeOOH-CG
increased rapidly and then stabilized, and the effect was
signicantly better than that of coal gangue. When the initial
pH value of the solution increased from 2 to 4, the removal rates
of Pb2+, Cu2+, and Cd2+ by nFeOOH-CG gradually increased.
When the initial pH value of the solution was 4, the removal
rates of Pb2+, Cu2+, and Cd2+ reached 96.21%, 86.38% and
71.1%, respectively, and the pH of the solution reached 6.7 aer
the reaction. When the initial pH value of the solution increased
from 4 to 6, the removal rate of Cd2+ by nFeOOH-CG still
increased slightly, while the removal rate of Pb2+ and Cu2+

tended to be stable. This is because the initial pH of the solution
will affect the electrostatic interaction between the pollutants
and the surface of the adsorbent material, and the physical and
Fig. 3 Effect of initial pH on the removal of Pb2+, Cu2+, and Cd2+. (a) Eff
Cu2+ removal rate. (c) Effect of initial pH on the Cd2+ removal rate. (d) E
dosage = 5 g L−1; contact time = 150 min; initial concentration of Pb2+, C
150 rpm).

22166 | RSC Adv., 2025, 15, 22161–22178
chemical adsorption reactions such as complexation reaction
and ion exchange.35 In the lower pH range, H+ in the solution
occupies a large number of adsorption sites on the surface of
nFeOOH-CG and competes with Pb2+, Cu2+, and Cd2+ to
adsorb.36 At the same time, the surface hydroxyl groups of nano-
FeOOH loaded under acidic conditions were protonated to form
hFeOH2+, which was mutually exclusive with Pb2+, Cu2+, and
Cd2+, resulting in a lower removal rate of Pb2+, Cu2+, and Cd2+ by
nFeOOH-CG under lower pH conditions (pH = 2–3).37 With the
increase in pH, the concentration of H+ in the solution system
decreased, which was benecial to reduce the competition
between H+ and Pb2+, Cu2+, and Cd2+, so that more adsorption
sites remained on the surface of nFeOOH-CG, which was used
to adsorb and remove the target pollutants. The high concen-
tration of OH− in the solution will increase the negative charge
on the surface of nFeOOH-CG and reduce the electrostatic
repulsion with Pb2+, Cu2+, and Cd2+, which is benecial to the
adsorption or formation of insoluble precipitate and improve-
ment of the removal effect. In summary, nFeOOH-CG can
maintain high adsorption performance under different pH
conditions, showing a wide range of application potential for
AMD treatment. Considering the pH of the actual wastewater
and the experimental results, the pH value of 4 was selected for
subsequent experiments.

3.1.3. Effect of reaction time on the removal of Pb2+, Cu2+,
and Cd2+. It can be seen from Fig. 4 that the removal rate and
ect of initial pH on the Pb2+ removal rate. (b) Effect of initial pH on the
ffect of initial pH on solution pH. (Experimental conditions: adsorbent
u2+, and Cd2+ = 100 mg L−1; temperature = 298.15 K; stirring speed =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of reaction time on the removal of Pb2+, Cu2+, and Cd2+. (a) Effect of reaction time on the Pb2+ removal rate. (b) Effect of reaction
time on the Cu2+ removal rate. (c) Effect of reaction time on the Cd2+ removal rate. (d) Effect of reaction time on solution pH. (Experimental
conditions: adsorbent dosage = 5 g L−1; initial pH = 4; initial concentration of Pb2+, Cu2+, Cd2+ = 100 mg L−1; temperature = 298.15 K; stirring
speed = 150 rpm).
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pH of Pb2+, Cu2+, and Cd2+ by nFeOOH-CG increased slowly with
the increase in time, and the effect was obviously better than
that of coal gangue. When the reaction time increased from
5 min to 150 min, the removal rate of Pb2+, Cu2+, and Cd2+ by
nFeOOH-CG gradually increased. When the reaction time was
150 min, Pb2+, Cu2+, and Cd2+ reached 96.04%, 85.64% and
71.1%, respectively, and the pH of the solution reached 6.7 aer
the reaction. The removal rate of Cu2+ and Cd2+ by nFeOOH-CG
still increased slightly from 150 to 200 min, while the removal
rate of Pb2+ tended to be stable. This is because in the early
stage of the reaction, the adsorption sites on the surface of
nFeOOH-CG are sufficient, which can quickly bind to Pb2+,
Cu2+, and Cd2+ in the solution, and then x.38 At the same time,
in the early stage of the reaction, the concentration of Pb2+,
Cu2+, and Cd2+ in the solution is large. Under the concentration
difference between the adsorbent material and the adsorbate,
a certain mass transfer driving force is generated, which
promotes the rapid adsorption of heavy metal ions to the
surface of nFeOOH-CG. Therefore, the adsorption efficiency is
high and the adsorption speed is fast in the early stage of the
reaction. When the reaction time was 60–120 min, the number
of adsorption sites on the surface of nFeOOH-CG was greatly
reduced, the concentration of metal ions in the solution was
© 2025 The Author(s). Published by the Royal Society of Chemistry
also signicantly reduced, and the mass transfer driving force
was also weakened, so the adsorption rate was reduced.39 When
the reaction time was more than 150 min, the removal rate of
the three metal ions did not change signicantly with time,
indicating that the adsorption equilibrium state was basically
reached at this time. In summary, in order to ensure that the
adsorption equilibrium is reached, the subsequent experi-
mental reaction time is set to 150 min.

3.1.4. Effect of initial concentration. Fig. 5 shows the effect
of different initial concentrations on the removal of Pb2+, Cu2+,
and Cd2+. When the initial concentration of the solution
increased from 50 to 100 mg L−1, the removal rate of Pb2+, Cu2+,
and Cd2+ by nFeOOH-CG decreased gradually, and the adsorp-
tion capacity increased gradually. When the initial concentra-
tion of the solution was 100 mg L−1, the removal rates of Pb2+,
Cu2+, and Cd2+ reached 96.15%, 94.3% and 80.23%, respec-
tively. The adsorption capacities of Pb2+, Cu2+, and Cd2+ were
32.66 mg g−1, 18.59 mg g−1 and 15.87 mg g−1, respectively.
When the concentration exceeded 100 mg L−1, the removal rate
of Pb2+, Cu2+, and Cd2+ decreased rapidly, and the growth rate of
adsorption capacity slowed down. The adsorption capacity of
Cu2+ and Cd2+ in the range of 200–250 mg L−1 increased by only
3.2% and 2.5%, respectively. This is because Pb2+, Cu2+, and
RSC Adv., 2025, 15, 22161–22178 | 22167
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Fig. 5 Effect of initial concentration on the removal of Pb2+, Cu2+, and Cd2+. (a) Effect of initial concentration on the Pb2+ removal rate. (b) Effect
of initial concentration on the Cu2+ removal rate. (c) Effect of initial concentration on the Cd2+ removal rate. (d) Effect of initial concentration on
solution pH. (Experimental conditions: adsorbent dosage= 5 g L−1, contact time= 150 min, initial pH= 4, temperature= 298.15 K, stirring speed
= 150 rpm).
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Cd2+ in the solution can fully react with nFeOOH-CG at low
initial concentrations. As the initial concentration of the solu-
tion increases, the adsorption sites of nFeOOH-CG are not
enough to provide sufficient reaction sites, and the removal rate
decreases. However, in the high concentration environment,
the interaction between Pb2+, Cu2+, and Cd2+ and the nFeOOH-
CG binding site is also enhanced, which effectively reduces the
mass transfer resistance between the solid/liquid phase,
thereby improving the adsorption capacity, which also makes
the adsorption capacity higher at high concentrations of heavy
metal solutions.40,41 In summary, in order to ensure that the
removal of Pb2+, Cu2+, and Cd2+ reached the ideal effect,
100 mg L−1 was selected as the initial concentration of subse-
quent experiments.
3.2. Analysis of adsorption isotherm results

Adsorption isotherms characterize equilibrium relationships
between adsorbents and adsorbates at solid–liquid interfaces.
The Langmuir and Freundlich models were applied to analyze
nFeOOH-CG's adsorption behavior, with tting results pre-
sented in Fig. 6 and Tables 2 and 3.

According to the tting curve, the experimental results show
that the equilibrium adsorption capacity qe of nFeOOH-CG
22168 | RSC Adv., 2025, 15, 22161–22178
increases with the increase of initial concentration of Pb2+,
Cu2+, and Cd2+. The results showed that under high-
concentration conditions, the interaction between heavy metal
ions and adsorbents was more frequent, which promoted the
adsorption process. By comparing the tting effects of the two
models, the Langmuir model is more suitable for describing the
adsorption behavior of Pb2+, Cu2+, and Cd2+ by nFeOOH-CG,
indicating that its adsorption characteristics are more
inclined to monolayer adsorption. The adsorption sites on the
surface of nFeOOH-CG are evenly distributed and the energy is
equivalent. This also indicates that there are a large number of
well-dispersed nano-FeOOH on the surface of nFeOOH-CG, and
the high surface activity of nanocrystals improves the efficient
and uniform adsorption characteristics of the composites. The
theoretical maximum adsorption capacity of Pb2+, Cu2+, and
Cd2+ by nFeOOH-CG was 35.16 mg g−1, 18.77 mg g−1 and
17.17 mg g−1, respectively, which was signicantly improved
compared with coal gangue. The correlation coefficient n of
adsorption strength is greater than 1, indicating that the
adsorption process is spontaneous. The value of KF is propor-
tional to the adsorption capacity and adsorption strength. The
KF values of coal gangue before loading are 0.8312, 0.7906 and
0.5969, respectively, and the KF values aer loading are 12.7924,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Adsorption isotherm model fitting curves for Pb2+, Cu2+, and Cd2+ by coal gangue and nFeOOH-CG. (a) Langmuir fitting for Pb2+

adsorption. (b) Langmuir fitting for Cu2+ adsorption. (c) Langmuir fitting for Cd2+ adsorption. (d) Freundlich fitting for Pb2+ adsorption. (e)
Freundlich fitting for Cu2+ adsorption (f) Freundlich fitting for Cd2+ adsorption. (Experimental conditions: adsorbent dosage= 5 g L−1, initial pH=

4, contact time = 150 min, temperature = 298.15 K, stirring speed = 150 rpm).

Table 2 Adsorption isotherm parameters for Pb2+, Cu2+ and Cd2+

adsorption by nFeOOH-CG

Isotherm model Parameters

nFeOOH-CG

Pb2+ Cu2+ Cd2+

Langmuir model
parameters

qm 35.1617 18.7652 17.1673
KL 0.29241 0.46202 0.11004
R2 0.99312 0.99967 0.99797

Freundlich model
parameters

n 4.14800 5.64493 3.98628
KF 12.79238 8.27112 4.80088
R2 0.97036 0.95309 0.94168

Table 3 Adsorption isotherm parameters for Pb2+, Cu2+ and Cd2+

adsorption by coal gangue

Isotherm model Parameters

Coal gangue

Pb2+ Cu2+ Cd2+

Langmuir model
parameters

qm 14.4092 11.9603 10.9194
KL 0.01325 0.01517 0.01363
R2 0.96691 0.99106 0.98154

Freundlich model
parameters

n 2.05284 2.13188 1.99788
KF 0.83117 0.79063 0.59690
R2 0.94092 0.93268 0.89998
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8.2711 and 4.8009, respectively. Therefore, the new coal gangue
composites prepared by loading nano-FeOOH signicantly
improved the ability to treat Pb2+, Cu2+, and Cd2+ in AMD.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.3. Analysis of adsorption kinetics

The adsorption kinetics was analyzed using pseudo-rst-order
(PFO), pseudo-second-order (PSO), and intra-particle diffusion
(IPD) models to identify rate-limiting mechanisms. The tting
results in Fig. 7 and Tables 4 and 5 demonstrate temporal
adsorption behavior.

By comparing the R2 value of the kinetic model, it can be
seen that the adsorption of Pb2+, Cu2+, and Cd2+ in AMD by
nFeOOH-CG is more in line with the second-order kinetic tting
model. This indicates that the adsorption process is dominated
by chemical adsorption. The k1 value of coal gangue is relatively
low, which is related to its limited specic surface area and the
number of active sites. The k1 value of nFeOOH-CG is relatively
high, indicating that they can adsorb heavy metal ions faster.
The modication of nFeOOH-CG increases the adsorption rate
of heavy metal ions by increasing the surface active sites. The k2
value of nFeOOH-CG is higher, indicating that more chemical
reaction steps are involved in the adsorption process. This
further proves that the interaction between heavy metal ions
and the surface of the adsorbent is not only physical adsorption,
but also chemical adsorption. The tting curve of the intra-
particle diffusion model has no origin and the kp value of
nFeOOH-CG is higher, indicating that the contribution of
internal diffusion to the adsorption rate is greater. The
adsorption of Pb2+, Cu2+, and Cd2+ in AMD by nFeOOH-CG is
controlled by two adsorption mechanisms: surface diffusion
and pore diffusion. It can be seen from Fig. 7 that the tting
RSC Adv., 2025, 15, 22161–22178 | 22169

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03306c


Fig. 7 Kinetic model fittings for Pb2+, Cu2+, and Cd2+ adsorption by coal gangue and nFeOOH-CG. (a) Pb2+ pseudo-first-order kinetics. (b) Pb2+

pseudo-second-order kinetics. (c) Pb2+ intra-particle diffusion. (d) Cu2+ pseudo-first-order kinetics. (e) Cu2+ pseudo-second-order kinetics. (f)
Cu2+ intra-particle diffusion. (g) Cd2+ pseudo-first-order kinetics. (h) Cd2+ pseudo-second-order kinetics. (i) Cd2+ intra-particle diffusion.
(Experimental conditions: adsorbent dosage= 5 g L−1, initial pH= 4, initial concentration= 100mg L−1, temperature= 298.15 K, agitation speed
= 150 rpm).
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curve of nFeOOH-CG to the intraparticle diffusion model of
Pb2+, Cu2+, and Cd2+ is a multi-stage tting, indicating that the
adsorption process can be divided into three stages: direct
diffusion, intraparticle diffusion and dynamic equilibrium. In
the rst stage, due to the sufficient adsorption sites on the
surface of nFeOOH-CG at the initial stage of the reaction, qt
changes rapidly with time, which is a rapid adsorption process.
Pb2+, Cu2+, and Cd2+ diffused from the solution to the outer
surface of nFeOOH-CG, and the diffusion mainly occurred in
the micro-voids. In the second stage, the effective adsorption
sites on the surface of nFeOOH-CG decreased, and the change
rate of qt decreased with time. Aer Pb2+, Cu2+, and Cd2+

adsorbed on the surface of nFeOOH-CG, they gradually diffused
into the pores of nFeOOH-CG and lled the pores. In the third
stage, the adsorption sites on the surface of nFeOOH-CG are
22170 | RSC Adv., 2025, 15, 22161–22178
close to saturation, and qt almost does not change with time. In
this stage, the diffusion rate decreases and gradually reaches
equilibrium. The tting curves did not pass through the origin,
indicating that the adsorption of Pb2+, Cu2+, and Cd2+ by
nFeOOH-CG was determined by both surface diffusion and
intraparticle diffusion.
3.4. Analysis of adsorption thermodynamics

The adsorption thermodynamic behavior of nFeOOH-CG on
heavy metal ions was studied at room temperatures of 298.15 K,
308.15 K, and 318.15 K, initial pH of 4, and initial concentration
of Pb2+, Cu2+, and Cd2+ of 100 mg L−1, respectively. The ther-
modynamic change scatter distribution trend diagram was ob-
tained with ln Kd as the longitudinal axis and 1/T as the
horizontal axis, and it was linearly tted as Fig. 8. The slope and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Adsorption kinetics parameters for Pb2+, Cu2+and Cd2+ adsorption by nFeOOH-CG

Kinetic model Parameters

nFeOOH-CG

Pb2+ Cu2+ Cd2+

Pseudo-rst-order kinetic model k1 0.0902 0.05806 0.05454
qe 18.69665 16.93443 13.96059
R2 0.96268 0.95937 0.96718

Pseudo-second-order kinetic model k2 8.0545 × 10−3 4.9509 × 10−3 5.0876 × 10−3

qe 20.0160 18.5736 15.5618
R2 0.99962 0.99871 0.99934

Intra-particle diffusion model kp1 2.91175 2.22806 1.92427
R2 0.99791 0.99275 0.99519
C1 1.81788 1.09111 0.3362
kp2 1.28965 1.42992 0.98387
R2 0.91793 0.98418 0.99359
C2 9.40002 5.54729 5.66814
kp3 0.16135 0.15538 0.22313
R2 0.9216 0.93125 0.9892
C3 17.19336 15.33213 11.55963

Table 5 Adsorption kinetics parameters for Pb2+, Cu2+ and Cd2+ adsorption by coal gangue

Kinetic model Parameters

Coal gangue

Pb2+ Cu2+ Cd2+

Pseudo-rst-order kinetic model k1 0.06748 0.06678 0.11586
qe 7.17559 5.92294 4.8628
R2 0.86759 0.84482 0.91475

Pseudo-second-order kinetic model k2 1.1678 × 10−2 1.1800 × 10−2 4.4906 × 10−2

qe 8.04052 6.82221 5.13557
R2 0.99886 0.99864 0.99948

Intra-particle diffusion model kp1 0.67954 0.78533 0.61334
R2 0.99998 0.99045 0.98742
C1 1.7502 0.79081 1.25665
kp2 0.79054 0.36271 0.13586
R2 0.98431 0.96722 0.89625
C2 1.28623 2.66563 3.84538
kp3 0.12973 0.16873 0.02491
R2 0.97307 0.91989 0.84913
C3 5.90113 4.25575 4.6601

Fig. 8 Thermodynamic model fittings for Pb2+, Cu2+, and Cd2+ adsorption by coal gangue and nFeOOH-CG. (a) Pb2+ adsorption thermody-
namic fitting plot. (b) Cu2+ adsorption thermodynamic fitting plot. (c) Cd2+ adsorption thermodynamic fitting plot. (Experimental conditions:
adsorbent dosage = 5 g L−1, initial pH = 4, initial concentration = 100 mg L−1, agitation speed = 150 rpm).

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 22161–22178 | 22171

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

9/
07

/2
02

5 
9:

00
:5

8 
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03306c


Table 6 Adsorption thermodynamic parameters of nFeOOH-CG for
the adsorption of Pb2+, Cu2+, and Cd2+

DG (J mol−1)
DH
(kJ mol−1)

DS
(J mol−1 K−1)298 K 308 K 318 K

Pb2+ −4.0527 −5.8708 −8.2047 57.7267 207.0436
Cu2+ −0.6102 −0.9614 −1.3991 11.1288 39.3476
Cd2+ 1.5895 1.4376 1.2552 6.5648 16.6797

Table 8 Contents of main heavy metals in coal gangue and nFeOOH-
CG leachate (mg L−1)

Element

Mean value
Leaching toxicity
standard valueCoal gangue nFeOOH-CG

Cr 0.686 0.579 15
Pb 0.542 0.316 5
Cu 0.496 0.355 100
Cd 0.106 0.076 1
Zn 0.283 0.225 100
Ni 0.079 ND 5

Fig. 9 Recycling experiment of adsorption of Pb2+, Cu2+ and Cd2+ by
nFeOOH-CG.
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intercept of the tted line can be used to calculate the enthalpy
change (DH) and entropy change (DS), and the results are shown
in Tables 6 and 7.

It can be seen from Table 6 that the Gibbs free energy DG of
Pb2+ and Cu2+ adsorbed by nFeOOH-CG at different tempera-
tures is less than 0, indicating that the adsorption process can
proceed spontaneously. With the increase in temperature, the
absolute value of DG also increases, indicating that the increase
of temperature is benecial to the adsorption process. However,
in the adsorption process of nFeOOH-CG on Cd2+, DG is posi-
tive, which means that the adsorption process of nFeOOH-CG
on Cd2+ is thermodynamically non-spontaneous at these three
test temperatures. From a thermodynamic point of view, it is
not conducive to the natural occurrence of the adsorption
process, which may be closely related to the hydration energy
difference and surface complexation mechanism of the three
metal ions. Although the DG value of Cd2+ adsorption is posi-
tive, its DH and DS are positive, indicating that the process
needs to overcome the energy barrier, but the Fe–O–Cd bond
formed aer adsorption and the entropy increase caused by ion
dehydration still drive the reaction. In contrast, the lower des-
olvation energy barriers of Pb2+ and Cu2+ make it easier to
spontaneously complex with the hydroxyl groups on the surface
of FeOOH. The DH values of Pb2+, Cu2+, and Cd2+ adsorbed by
nFeOOH-CG are 57.7267 kJ mol−1, 11.1288 kJ mol−1 and
6.5648 kJ mol−1, respectively, indicating that the adsorption of
Pb2+, Cu2+, and Cd2+ by nFeOOH-CG is an endothermic process,
and the increase in temperature is benecial to the reaction.
The entropy changes DS were 207.0436 J mol−1 K−1, 39.3476 J
mol−1 K−1, and 16.6797 J mol−1 K−1, respectively, which were all
positive values, indicating that the randomness of the whole
adsorption system increased during the reaction. It can be seen
from Table 7 that nFeOOH-CG has better adsorption capacity
for Pb2+, Cu2+, and Cd2+ than the other adsorbents reported in
the literature.
Table 7 Comparison of the properties of nFeOOH-CG and other adsor

Absorbent

qm (mg g−1)

Pb2+ Cu2+

nFeOOH-CG 35.16 18.77
Mg and Fe-LDHs AC 2.03
Algae silver nanoparticles 23.98
Vanadium doped titania 26
Walnut Husk extract-silver nanoparticles 7.38
Mechanochemical modied CG 5.69

22172 | RSC Adv., 2025, 15, 22161–22178
3.5. Leaching toxicity analysis

The safety of adsorption materials in water treatment was
evaluated by exploring the leaching toxicity of coal gangue and
nFeOOH-CG. The content of heavy metals in leachate was
determined using a ame atomic spectrophotometer with
reference to Chinese national standards GB 5085.3-2007 and
HJ/T299 2007. The contents of main heavy metals including Cr,
Pb, Cu, Cd, Zn and Ni in coal gangue and nFeOOH-CG leaching
solutions are shown in Table 8. It can be seen from the table
that the leaching concentration of nFeOOH-CG is lower than
the limit standard value of leaching toxicity (GB 5085.3-2007)
and much lower than the leaching concentration of coal
gangue, indicating that nFeOOH-CG has excellent immobiliza-
tion ability for heavy metal ions. Under the condition of acidic
bents

pH Dosage (g L−1) ReferenceCd2+

17.17 4 5 This study
5 2.5 42

22.47 5 0.5 43
10 0.1 44
6 2.0 45

6.73 6 1.67 46

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Comparative SEM-EDS characterization of coal gangue and nFeOOH-CG before and after treatment. (a) Before-treatment SEM image of
coal gangue. (b) Before-treatment EDS of coal gangue. (c) After-treatment SEM image of coal gangue. (d) After-treatment EDS of coal gangue. (e)
Before-treatment SEM image of nFeOOH-CG. (f) Before-treatment EDS of nFeOOH-CG. (g) After-treatment SEM image of nFeOOH-CG. (h)
After-treatment EDS of nFeOOH-CG.
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pH = 4, –OH, Fe–OH and Fe–O on the surface of nFeOOH-CG
share their non-bonded electron pairs with Pb2+, Cu2+ and
Cd2+ and replace H in the group to form Fe–O–Pb, Fe–O–Cu and
Fe–O–Cd surface complexes, which improve its safety in water
treatment process, and nFeOOH-CG can be used as an excellent
adsorbent for the treatment of wastewater containing Pb2+, Cu2+

and Cd2+.
3.6. nFeOOH-CG regeneration analysis

The regeneration and reuse performance of nFeOOH-CG were
further studied by desorption and regeneration experiments to
prove the practicability and economy of the adsorbent in actual
wastewater treatment. As shown in Fig. 9, with the increase in
the number of cycles, the removal rate of each metal ion
decreased to varying degrees, indicating that the loss of some
reducing substances may occur during the regeneration
process, resulting in a decrease in FeOOH content and
adsorption sites. Aer three adsorption–desorption cycles, the
adsorption capacities of nFeOOH-CG for Pb2+, Cu2+ and Cd2+

were 12.86, 9.1 and 6.36 mg g−1, respectively, indicating that
nFeOOH-CG had good regeneration performance.
3.7. Characterization analysis

3.7.1. SEM-EDS analysis. In order to understand the
surface microstructure of coal gangue, nFeOOH-CG, the surface
of the sample was observed by scanning electron microscopy,
and the results are shown in Fig. 10. It can be seen from
Fig. 10(a) and (c) that the surface of coal gangue is dense before
treatment, showing an irregular block or lamellar structure.
Table 9 Elemental composition of adsorbents before and after treatme

Type

Elemental composition (%)

C O Si

Before-treatment coal gangue 32.85 31.89 16.9
Aer-treatment coal gangue 46.32 34.03 8.8
Before-treatment nFeOOH-CG 20.08 40.07 7.6
Aer-treatment nFeOOH-CG 20.04 40.81 7.0

Fig. 11 Comparative XRD patterns of coal gangue and nFeOOH-CG befo
treatment. (b) XRD patterns of nFeOOH-CG before and after treatment.

22174 | RSC Adv., 2025, 15, 22161–22178
These porous characteristics provide more active sites for the
adsorption of heavy metal ions. Aer the treatment, the surface
of the coal gangue is rough, and a large number of folds and ne
sediments appear. This is due to the long-term erosion of acidic
wastewater, resulting in mineral dissolution and partial
destruction of crystal structure.47,48 It can be seen from
Fig. 10(b), (d) and Table 9 that lead, copper and cadmium
elements appear aer the treatment of coal gangue, and the
mass percentages are 0.37%, 0.28% and 0.13%, respectively,
indicating that the active sites are provided by the lamellar and
porous structures on the surface of coal gangue49,50 so that metal
ions such as Pb2+, Cu2+ and Cd2+ can be adsorbed on the surface
or pores of coal gangue through intermolecular forces (van der
Waals forces). It can be seen from Fig. 10(e) and (g) that before
the treatment, the surface of nFeOOH-CG was loaded with well-
dispersed nano-FeOOH spherical crystals, which were evenly
distributed on the surface of coal gangue, which also increased
the specic surface area and surface active sites of coal gangue.
Aer the treatment, the spherical structure of nFeOOH-CG did
not change signicantly, indicating that the structure of a-
FeOOH was relatively stable. It was observed that many small
particles appeared on the surface of nFeOOH-CG. Combined
with XRD analysis, Pb2+, Cu2+ and Cd2+ may be xed on the
surface of nFeOOH-CG in the form of complex state or low
crystalline state. It can be seen from Fig. 10(f), (h) and Table 9
that there are obvious signals of lead, copper and cadmium on
the surface of nFeOOH-CG aer adsorption, and the mass
percentages are 1.57%, 0.95% and 0.71%, respectively, which
are much higher than that of single coal gangue. It indicated
that nFeOOH-CG achieved efficient removal of Pb2+, Cu2+ and
nt

Al Fe Pb Cu Cd

7 8.14 1.27 0 0 0
0 6.73 1.14 0.37 0.28 0.13
1 3.86 24.88 0 0 0
3 2.03 24.36 1.57 0.95 0.71

re and after treatment. (a) XRD patterns of coal gangue before and after

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cd2+ from AMD. The results further verify the feasibility and
practicability of nFeOOH-CG as a treatment for heavy metals in
AMD and also provide a strong basis for further study of the
adsorption mechanism of nFeOOH-CG.

3.7.2. XRD analysis. The X-ray diffraction patterns of Pb2+,
Cu2+ and Cd2+ in AMD before and aer treatment with coal
gangue and nFeOOH-CG are shown in Fig. 11. It can be seen
from Fig. 11(a) that the position of the characteristic diffraction
peaks of kaolinite, quartz, albite and dolomite did not shi, but
the intensity decreased compared with that aer the adsorption
reaction, indicating that the long-term erosion of acid waste-
water (pH = 4) led to the dissolution of minerals (such as the
carbonate component of dolomite) and the partial destruction
of crystal structure, but did not change its basic phase compo-
sition.51,52 It can be seen from Fig. 11(b) that the characteristic
diffraction peaks of a-FeOOH (PDF # 29-0713) appeared at 2q
values of 21.36°, 33.21° and 53.2°, indicating that a-FeOOH was
successfully loaded. From the diffraction pattern of nFeOOH-
CG reaction, it can be seen that the characteristic diffraction
peak intensity of quartz is further weakened, and the charac-
teristic diffraction peak of kaolinite disappears. However, the
position of the characteristic diffraction peaks of a-FeOOH did
not change and no new characteristic diffraction peaks
appeared. However, the characteristic diffraction peaks at 2q =

33.21° and 53.2° decreased aer adsorption, indicating that the
adsorption did not cause damage to the structure of a-FeOOH.
Pb2+, Cu2+ and Cd2+ may be xed on the surface of nFeOOH-CG
in the form of complex state or low crystalline state.53,54

3.7.3. FTIR analysis. The FTIR characterization results of
Pb2+, Cu2+, and Cd2+ in AMD before and aer treatment of coal
gangue and nFeOOH-CG are shown in Fig. 12. From the
infrared spectra of coal gangue before and aer the reaction
shown in Fig. 12, it can be seen that the infrared absorption
peaks of coal gangue aer the adsorption reaction are basically
the same, but the intensity of the characteristic peaks has
changed. The intensity of the –OH absorption peak at
3452 cm−1 is weakened, which is due to the destruction of the
mineral skeleton (Si–O, Al–OH) of aluminosilicates such as
Fig. 12 Comparative FTIR spectra of coal gangue and nFeOOH-CG
before and after treatment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
kaolinite under acidic conditions. The H–O–H bending vibra-
tion peak at 1637 cm−1 is due to the vibration caused by the
absorption of water by coal gangue.55 The Si–O–Si or Si–O–Al
symmetric or antisymmetric stretching at 1000–1100 cm−1 is
weakened, indicating that the crystal structure of some quartz is
decomposed and destroyed. The above changes indicate that
coal gangue mainly adsorbs heavy metal ions by physical
adsorption, which is consistent with XRD and SEM analysis.
The FTIR spectra of nFeOOH-CG before and aer adsorption
were compared. Aer the adsorption reaction, the –OH bond
strength at 3419 cm−1 was signicantly weakened and the peak
position was signicantly shied, indicating that –OH on the
surface of the composite material participated in the reaction,
indicating that the surface of nFeOOH-CG may form an inner
surface complex. At the same time, the band intensity of Fe–OH
at 795 cm−1 and 890 cm−1 decreased, indicating that the oxygen
atoms in –OH shared their non-bonded electron pairs with Pb2+,
Cu2+ and Cd2+ and substituted H in the group to form Fe–O–Pb,
Fe–O–Cu, and Fe–O–Cd surface complexes.56 Therefore, –OH of
the nFeOOH-CG composite material is signicantly increased
compared with coal gangue, which increases the adsorption
performance of heavy metal ions. In addition, the absorption
peak of Fe–O at 632 cm−1 shied to 654 cm−1 aer the
adsorption reaction, indicating that the Fe–O group in the
nFeOOH-CG composite also participated in the reaction, indi-
cating that Pb2+, Cu2+, and Cd2+ may replace part of Fe in a-
FeOOH, which is consistent with the results of EDS analysis that
the mass percentage of nFeOOH-CG before and aer the reac-
tion decreased from 24.88% to 24.36%. In summary, –OH, Fe–
OH and Fe–O on the surface of nFeOOH-CG are involved in the
chemical adsorption of heavy metal ions in AMD.

3.7.4. BET analysis. According to the BET isothermal
adsorption curve equation and the BJH method, the results are
shown in Table 10. The N2 adsorption–desorption isotherms
and pore size distribution curves of coal gangue and nFeOOH-
CG are shown in Fig. 13. From Fig. 13(a), it can be seen that
the adsorption–desorption isotherm curve of coal gangue is IV-
type curve, accompanied by an H3-type hysteresis loop, indi-
cating that the pores inside coal gangue are mostly slit-like
mesopores or macropores. It can be seen from Fig. 13(b) that
the N2 adsorption–desorption isotherms of nFeOOH-CG show
type IV isotherm characteristics,57 which indicates that it has
porosity, and capillary condensation occurs when the relative
pressure increases, accompanied by a H1-type hysteresis loop,
indicating that nFeOOH-CG is a typical mesoporous material.
Table 10 shows the specic surface area, pore volume and pore
size parameters of coal gangue and nFeOOH-CG. According to
the calculation, the specic surface areas of coal gangue and
Table 10 N2 adsorption–desorption isotherm curves and pore size
distribution curves of coal gangue and nFeOOH-CG

Name
Specic surface
area (m2 g−1)

Pore volume
(cm3 g−1)

Pore size
(nm)

Coal gangue 7.29 0.021 11.51
nFeOOH-CG 103.68 0.221 8.52

RSC Adv., 2025, 15, 22161–22178 | 22175
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nFeOOH-CG were 7.29 m2 g−1 and 103.68 m2 g−1, respectively.
Compared with coal gangue, the specic surface area of
nFeOOH-CG increased by 13.22 times, indicating that the
introduction of nano-FeOOH greatly increased the specic
surface area of the material. The pore volume of coal gangue
and nFeOOH-CG were 0.021 cm3 g−1 and 0.221 cm3 g−1,
respectively. The pore volume of nFeOOH-CG was signicantly
higher than that of coal gangue, indicating that the pore
structure of nFeOOH-CG was more developed. The pore size of
coal gangue is mainly concentrated at 11.51 nm, while the pore
size of nFeOOH-CG is reduced to 8.52 nm, indicating that nano-
FeOOH particles are loaded on the surface or pores of coal
gangue, which may ll some of the original mesopores or
macropores, resulting in a decrease in the overall pore size. The
pore size distribution of nFeOOH-CG shows that the pore size of
nFeOOH-CG is mainly concentrated in 3–10 nm. Obviously, the
high specic surface area of nFeOOH-CG is the key to remove
Pb2+, Cu2+ and Cd2+ pollutants in AMD.

3.8. Adsorption mechanism

Through performance evaluation experiments investigating the
effects of various factors, studies on adsorption isotherms,
adsorption kinetics, and adsorption thermodynamics, and the
characterization of nFeOOH-CG, the adsorption mechanism of
nFeOOH-CG for Pb2+, Cu2+ and Cd2+ in AMD was elucidated.
The results demonstrated that nFeOOH-CG exhibits exceptional
adsorption performance for heavy metal ions in AMD environ-
ments. This can be explained from two aspects: structural
characteristics and surface activity. In terms of structural
characteristics, the SEM characterization shows that the surface
of coal gangue is obviously covered with a layer of uniformly
distributed spherical nano-FeOOH particles aer loading
modication, the pore structure is formed between the grains,
and the pore structure is developed. BET characterization
showed that the specic surface area and pore volume of
nFeOOH-CG increased signicantly, providing more adsorption
sites. The excellent pore structure is conducive to the diffusion
of Pb2+, Cu2+ and Cd2+ into the pores. FTIR characterization
showed that the intensity of the-OH stretching vibration peak of
FeOOH decreased and the Fe–O characteristic peak shied aer
adsorption, indicating that the heavy metal had a coordination
Fig. 13 N2 adsorption–desorption isotherms and pore size distributions

22176 | RSC Adv., 2025, 15, 22161–22178
reaction with the surface hydroxyl group. BET characterization
showed that the specic surface area of coal gangue increased
signicantly aer loading nano-FeOOH, and the developed pore
structure promoted ion diffusion. EDS surface scanning
conrmed that Pb2+, Cu2+ and Cd2+ were specically enriched in
the FeOOH nanoparticle area. This is consistent with the results
of BET analysis. In addition, the interaction between nFeOOH-
CG and Pb2+, Cu2+, and Cd2+ is also crucial for high adsorption
capacity. In terms of surface activity, according to the adsorp-
tion isotherm and adsorption kinetics, the adsorption of Pb2+,
Cu2+ and Cd2+ in AMD by nFeOOH-CG conforms to the Lang-
muir model (R2 = 0.99312, 0.99967, 0.99797) and the pseudo-
second-order kinetic model (R2 = 0.99962, 0.99871, 0.99934),
indicating that the adsorption process is monolayer adsorption,
mainly chemical adsorption. This is mainly because the –OH on
the surface of nFeOOH-CG participates in the reaction. The
oxygen atoms in the –OH share their non-bonded electron pairs
with Pb2+, Cu2+, and Cd2+ and replace the H in the group to form
Fe–O–Pb, Fe–O–Cu, and Fe–O–Cd surface complexes. Moreover,
the Fe–O group in nFeOOH-CG composites participated in the
reaction, and some Pb2+, Cu2+ and Cd2+ may replace Fe in a-
FeOOH.58 According to the study of adsorption thermody-
namics, the adsorption of Pb2+ and Cu2+ by nFeOOH-CG is
a spontaneous, endothermic and entropy-increasing process,
while the adsorption of Cd2+ is a non-spontaneous, endo-
thermic and entropy-increasing process. In addition, the initial
pH of the solution will affect the physical and chemical
adsorption reactions such as electrostatic interaction,
complexation reaction and ion exchange between the pollutant
and the surface of the adsorption material. This is because in
the lower pH range (pH = 2–3), the surface hydroxyl of the
supported nano-FeOOH protonates to form hFeOH2+, which is
mutually exclusive with Pb2+, Cu2+, and Cd2+. The removal rate
of Pb2+, Cu2+, and Cd2+ by nFeOOH-CG is low. With the increase
in pH, the concentration of OH−in the solution is high, which
will increase the negative charge on the surface of nFeOOH-CG
and reduce the electrostatic repulsion with Pb2+, Cu2+ and Cd2+,
which is benecial to the adsorption or formation of insoluble
precipitates and improves the removal effect. This also shows
that the adsorption of adsorbates by nFeOOH-CG is related to
the electrostatic interaction between the two. In summary, the
of coal gangue and nFeOOH-CG. (a) Coal gangue. (b) nFeOOH-CG.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Proposed adsorption mechanism of nFeOOH-CG for heavy
metal removal from AMD.
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adsorption of Pb2+, Cu2+ and Cd2+ in AMD by nFeOOH-CG
mainly depends on complexation, ion exchange and electro-
static attraction. In summary, the adsorption of Pb2+, Cu2+ and
Cd2+ in AMD by nFeOOH-CG achieved efficient adsorption
through the synergistic effect of complexation, ion exchange,
and electrostatic attraction. This multi-mechanism model has
been cross-validated by surface analysis techniques and
adsorption models. The schematic diagram of the adsorption
mechanism is shown in Fig. 14.

4 Conclusions

In this study, based on the stable mineral skeleton structure of
coal gangue and the good adsorption of nano-FeOOH, a new
adsorbent, coal gangue-supported nano-FeOOH composite, was
prepared by mineral loading technology and chemical precipi-
tation method. The effects of various factors on the removal of
Pb2+, Cu2+ and Cd2+ by nFeOOH-CG were investigated by
a performance evaluation test. The results showed that under
the conditions of dosage of 5 g L−1, initial pH of 4, contact time
of 150 min and initial concentration of 100 mg L−1, the removal
rates of Pb2+, Cu2+ and Cd2+ in AMD by nFeOOH-CG were
96.85%, 88.38% and 73.1%, respectively, which were signi-
cantly higher than those of coal gangue. The adsorption of Pb2+,
Cu2+ and Cd2+ in AMD by nFeOOH-CG conforms to the Lang-
muir model (R2 = 0.99312, 0.99967, and 0.99797) and the
pseudo-second-order kinetic model (R2 = 0.99962, 0.99871, and
0.99934), indicating that the adsorption process is monolayer
adsorption and dominated by chemical adsorption. The
adsorption mechanism of Pb2+, Cu2+ and Cd2+ in AMD by
nFeOOH-CG is attributed to the increased specic surface area,
complexation, ion exchange and electrostatic attraction. The
nFeOOH-CG can maintain efficient adsorption performance
under different pH and different concentrations of Pb2+, Cu2+,
and Cd2+, showing a wide range of application potential. In
summary, the nFeOOH-CG prepared with coal gangue as the
© 2025 The Author(s). Published by the Royal Society of Chemistry
load carrier can be simply and effectively used as an adsorbent
to remove Pb2+, Cu2+ and Cd2+ from AMD in an environmentally
friendly manner. The nFeOOH-CG is expected to be applied in
industry on a large scale, and this study provides new ideas and
technical support for the high-value utilization of coal gangue.
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and G. F. Garcia, Rev. Bras. Ciênc. Solo, 2015, 39, 1821–1834.

4 A. K. Mosai, G. Ndlovu and H. Tutu, Sci. Total Environ., 2024,
919, 170806.

5 C. Bu, X. Li, Q. Li, L. Li and P. Wu, Appl. Water Sci., 2024, 14,
251.

6 A. S. Sheoran and V. Sheoran,Miner. Eng., 2006, 19, 105–116.
7 J. G. Skousen, P. F. Ziemkiewicz and L. M. McDonald, Extr.
Ind. Soc., 2019, 6, 241–249.

8 S. R. Widyaningrum, S. Sarto and A. Prasetya, Key Eng.
Mater., 2022, 920, 81–87.

9 J. Choi, D. Kwon, J. Yang, J. Y. Lee and Y. Park, Environ.
Technol., 2009, 30, 445–454.

10 M. Q. Chen and F. J. Wu, Adv. Mater. Res., 2012, 610–613,
3252–3256.
RSC Adv., 2025, 15, 22161–22178 | 22177

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03306c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

9/
07

/2
02

5 
9:

00
:5

8 
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
11 R. W. Gaikwad, R. S. Sapkal and V. S. Sapkal, Int. J. Appl.
Environ. Sci., 2012, 37–43.

12 A. I. Adetunji and M. Erasmus, J. Hazard. Mater. Adv., 2025,
18, 100659.

13 L. Tong, R. Fan, S. Yang and C. Li,Min. Metall. Explor., 2021,
38, 315–327.

14 Z. Sodzidzi, Z. Phiri, J. F. Nure, T. A. M. Msagati and L.-A. De
Kock, Materials, 2024, 17, 1168.

15 G. Fuat and Y. Cumali, J. Environ., 2021, 9, 104567.
16 E. R. Tarigan, E. Frida and S. Humaidi, J. Phys.: Conf. Ser.,

2024, 2866, 012023.
17 N. S. Abdelrahman, S. Hong, D. S. Choi, H. A. Arafat and

F. AlMarzooqi, Desalination, 2025, 606, 118766.
18 O. Hasii and G. Gasii, IOP Conf. Ser. Earth Environ. Sci., 2024,

1348, 012017.
19 H. M. Li, Adv. Mater. Res., 2014, 936, 2364–2367.
20 L. J. Yu, Y. L. Feng and W. Yan, Adv. Mater. Res., 2012, 524–

527, 915–918.
21 Legislation, Technology and Practice of Mine Land Reclamation,

ed. Z. Hu, 2014, pp. 419–422.
22 R. Zhao, X. Zhang, Y. Su, Z. Liu and C. Du, Chem. Eng. J.,

2020, 380, 122432.
23 A. Khalil, Y. Ait-khouia, H. Beniddar, M. El Ghor,

R. Hakkou, Y. Taha and M. Benzaazoua, Miner. Eng., 2025,
222, 109132.

24 M. Fan, MS thesis, Liaoning technical university, 2021, 02,
X751.

25 J. Gao, Q. Lin, T. Yang, Y. C. Bao and J. Liu, Chemosphere,
2023, 341, 139741.

26 Z. Shang, L. Zhang, X. Zhao, S. Liu and D. Li, J. Environ.
Manage., 2019, 231, 391–396.

27 X. Ma, H. Wang and L. Li, Environ. Sci. Technol., 2021, 44(5),
68–75.

28 J. Wang, Y. Lin and Y. Li, Acta Mater. Compos. Sin., 2021, 39,
3317–3329.

29 R. Mohamed, H. H. El-Maghrabi, M. Riad and S. Mikhail, J.
Water Process Eng., 2017, 16, 212–222.

30 Y. Hao, Z. Gao, Y. Zhang, C. Du, Y. Zhou, L. Du, Q. Tang and
Q. Sun, Colloids Surf., A, 2025, 704, 135440.

31 M. Li, Y. Kang, H. Ma, J. Dong, Y. Wang and S. Kuang,
Environ. Res., 2023, 231, 116161.

32 W. Xu, H. Lan, H. Wang, H. Liu and J. Qu, Front. Environ. Sci.
Eng., 2015, 9, 385–393.

33 J. N. Enemmoh, D. Harbottle, M. Yusuf and T. N. Hunter,
Discover Chem. Eng., 2025, 5, 3.

34 B. Wang, H. Wu, L. Yu, R. Xu, T. Lim and X. W. David Lou,
Adv. Mater., 2012, 24, 1111–1116.

35 Y. Chen, J. Fan, R. Ma, Y. Xue, Q. Ma, S. Yuan and W. Teng,
Environ. Sci. Pollut. Res., 2022, 30, 19427–19438.
22178 | RSC Adv., 2025, 15, 22161–22178
36 X. Wei, Q. Liu, H. Zhang, J. Liu, R. Chen, R. Li, Z. Li, P. Liu
and J. Wang, J. Colloid Interface Sci., 2018, 511, 1–11.

37 S. Mallakpour and F. Motirasoul, RSC Adv., 2016, 6, 62602–
62611.

38 Y. He, X. Li, Z. Yi, F. Zhai, L. Gao, N. Li and Y. Jiang, Environ.
Technol. Innov., 2024, 34, 103565.

39 M. Chen, Y. Zhou, Y. Sun, X. Chen and L. Yuan,
Chemosphere, 2023, 338, 139380.

40 S. Wang, H. Lan, H. Liu and J. Qu, Phys. Chem. Chem. Phys.,
2016, 18, 9437–9445.

41 Q. Lin, T. Yang, S. Wu, X. Li, Y. Bao and J. Liu, J. Mol. Liq.,
2025, 425, 127192.

42 J. Song, C. Li, X. Zhao, R. Liu, R. Han, K. Jiang, M. Shi and
D. Wu, J. Environ. Chem. Eng., 2024, 12, 112145.

43 N. Surindra, S. Vir and R. Jyoti, J. Exp. Biol. Agric. Sci., 2021, 9,
214–230.

44 M. S. Mirghani, J. Exp. Nanosci., 2021, 16, 51–61.
45 E. Ituen, L. Yuanhua, C. Verma, A. Alfantazi, O. Akaranta and

E. E. Ebenso, J. Mol. Liq., 2021, 335, 116132.
46 Y. Yu, M. Chen, J. Zhu, Y. Sun, Y. Zhou and X. Chen, Coal

Convers., 2024, 48, 1004–4248.
47 X. D. Zhu, S. Chen, B. W. Chen and S. J. Gao, Adv. Mater. Res.,

2013, 750–752, 1309–1312.
48 Y. Dong, Z. Gao, J. Di, D. Wang, Z. Yang, Y. Wang and Z. Xie,

Sustainability, 2023, 15, 5486.
49 W. Zhao, K. Feng, H. Zhang, L. Han, Q. He, F. Huang, W. Yu,

F. Guo and W. Wang, Chemosphere, 2023, 324, 138287.
50 N. Bu, X. Liu, S. Song, J. Liu, Q. Yang, R. Li, F. Zheng, L. Yan,

Q. Zhen and J. Zhang, Adv. Powder Technol., 2020, 31, 2699–
2710.

51 J. Godwin, N. Abdus-Salam, A. I. Haleemat, P. K. Panda,
J. Panda and B. C. Tripathy, Inorg. Chem. Commun., 2022,
140, 109346.

52 M. Xiao, Y. Zhao and S. Li, J. Dispers. Sci. Technol., 2020, 41,
1812–1820.

53 B. Wang, H. Wu, L. Yu, R. Xu, T. Lim and X. W. David Lou,
Adv. Mater., 2012, 24, 1111–1116.

54 X. Guo, H. Fu, X. Gao, Z. Zhao and Z. Hu, Sci. Rep., 2024, 14,
9927.

55 S. Wang, H. Lan, H. Liu and J. Qu, Phys. Chem., 2016, 18,
9437–9445.

56 W. Xu, H. Lan, H. Wang, H. Liu and J. Qu, Front. Environ. Sci.
Eng., 2015, 9, 385–393.

57 S. Brunauer, L. S. Deming, W. E. Deming and E. Teller, J. Am.
Chem. Soc., 1940, 62, 1723–1732.

58 M. Shi, X. Min, Y. Ke, Z. Lin, Z. Yang, S. Wang, N. Peng,
X. Yan, S. Luo, J. Wu and Y. Wei, Sci. Total Environ., 2021,
752, 141930.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03306c

	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage

	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage

	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage
	Study on the adsorption performance of coal gangue-loaded nano-FeOOH for the removal of Pb2tnqh_x002B, Cu2tnqh_x002B, and Cd2tnqh_x002B from acid mine drainage


