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Abstract: Aiming at the problem of the low reuse rate of mine water due to the high content of heavy
metals in mine water, in this research, the microcharacterization means of EDX, XRD, BET, SEM,
and FT-IR were used to characterize the nonstick coal in a mine in western China. The effects of
solid–liquid ratio, solution pH, solution temperature, adsorption time, and initial concentration of the
solution on the adsorption of Fe(II) by the nonstick coal were analyzed. The adsorption performance
of nonstick coal on adsorbed Fe(II) was analyzed under different influencing factors. The results
showed that the adsorption capacity and unit removal rate of the coal samples gradually decreased
with the increase in the solid–liquid ratio; the adsorption amount increased with the increase in pH
in an “S” shape, and the adsorption effect was better in the range of pH = 5~7; and the adsorption
amount increased linearly with the temperature. The quasi-secondary kinetic model and Langmuir
model could fit the adsorption kinetic curve and isothermal adsorption curve better, which indicated
that the adsorption of Fe(II) by the nonstick coal was dominated by the chemical adsorption of the
monomolecular layer. The quantitative analysis of the FT-IR results showed that the adsorption of
Fe(II) was mainly by complexation with -OH detached from the coal samples to produce precipitation.

Keywords: mine water; heavy metal ion; nonstick coal; adsorption performance; adsorption
mechanism

1. Introduction

The western mining region (Shanxi, Shaanxi, Inner Mongolia, Gansu, and Ningxia)
is the main production area for coal mining in China. In 2022, raw coal production in the
western mining region of China accounted for more than 70% of China’s total produc-
tion [1]. However, water resources in the ecologically fragile western mining areas are
relatively scarce. The total amount of water resources accounts for only 6.66 percent of the
national total. So, the contradiction of coal–water mining is very prominent. Coal mining
destroys the overlying rock structure, causing surface subsidence, water table decline, soil
erosion, and vegetation destruction, further exacerbating the loss of water resources in
the region [2,3]. Therefore, some scholars have proposed storing mine water in the coal
mining airspace to form an underground water reservoir for the purpose of protecting
and utilizing water resources [4,5]. However, the content of heavy metal elements in mine
water is too high. There are significant environmental and health risks. It also reduces
the possibility of reuse of mined water and decreases the efficiency of utilization [6–9].
The standard heavy metal ions in mine water include Cr(VI), Cd(II), Fe(II), Mn(II), and
Ni(II) [10]. Among them, Fe(II) is one of the heavy metal ions with a high content in mined
Jurassic coal seams in western China [8,9]. Standard treatment methods for heavy metal
ions in mine water include wetland treatment, neutralization, microbiological methods,
and adsorption [11,12]. Among them, the adsorption method is considered a cost-effective
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and highly applied treatment method because of its advantages of good treatment effects, a
comprehensive source of materials, energy-saving economics, and simple operation [13,14].
The natural adsorbents available in groundwater reservoirs are mainly mined-area rocks
and coal left after mining. There are abundant studies on using mined-area rocks for heavy
metal adsorption.

Reference [15] investigated the adsorption characteristics of different types of lignite
for Cu, Zn, Pb, Cd, Ni, Co, and Fe(II) ions, and the results showed that lignite has potential
for water pollution treatment. Reference [16] investigated the suitability of Ukrainian
lignite as an adsorption detoxifier for heavy metal-contaminated soils. The results indicate
that lignite has a higher capacity to adsorb heavy metals due to its large specific surface area
and the presence of functional groups that ensure the chemisorption of pollutant cations.
Reference [17] investigated the adsorption properties of sandy mudstone and fine sandstone
from gangue in a mining area on Mn(II) in mine water. The adsorption properties increased
with the increase in temperature, pH, and solid–liquid ratio. Reference [18] adsorbed Cr(VI)
through modified gangue, designed adsorption experiments to investigate the adsorption
performance, and explored the adsorption mechanism by combining XRF, TG-DSC, XRD,
and SEM analytical characterization means. The results showed that the adsorption process
and isothermal adsorption curves conformed to the quasi-secondary kinetic equation and
the Freundlich model.

Most scholars have investigated the adsorption of heavy metal ions by rocks in mining
areas. At the same time, more research needs to be performed on the adsorption properties
of coal left in mining areas. Due to the characteristics of coal with a large specific surface
area and containing clay minerals, it also contains active groups that can easily undergo co-
ordination complexation and ion exchange reactions with metal ions. These characteristics
have great potential for the adsorption of heavy metal ions in mine water. Therefore, the
adsorption performance and adsorption mechanism of Fe(II) were investigated using the
leftover nonstick coal in a mine.

2. Experimental Section
2.1. Experimental Materials

Coal samples: Nonstick coal was taken from the remaining coal in the goaf area of a
coal mine in western China. The mined seam thickness was 5.98 m, using comprehensive
mechanized coal mining with a high recovery rate of 97%. The coal samples’ natural and
saturated moisture contents were 6‰ and 4.3%, respectively. Nonstick coal fragments were
retrieved from the site, grinding tools were used to crush them into coal powder, and the
coal powder was screened out with a particle size of 200 mesh for backup.

Fe(II) solution preparation: The FeCl2·4H2O solid was dissolved in HCl at a concen-
tration of 1 mol L−1 and stirred with a glass rod. After the solid was completely dissolved,
the Fe(II) concentration was diluted to 1 mg mL−1 by adding secondary deionized water to
make an initial solution of Fe(II). When the target solution was needed, the initial solution
of Fe(II) was diluted with secondary deionized water and the pH value of the solution was
adjusted using HCl and NaOH. The pH value of the solution was measured using a labora-
tory pH meter (PHS-3C type, Instruments & Electronics (Shanghai) Association, Shanghai,
China). All chemicals and reagents used in this experiment were analytical grade.

2.2. Coal Sample Characterization

The pathway for the coal sample characterization test is shown in Figure 1. The study
of heavy metal ions’ adsorption performance and adsorption mechanism for coal samples
requires an understanding of their composition, surface morphology, pore distribution,
and molecular structure. Coal samples before and after adsorption were analyzed by X-ray
diffraction (XRD) using a Rigaku D/Max-IIB (Bruker, Berlin, Germany) diffractometer to
obtain their mineral fractions, and the diffraction angle step was 0.05◦ during the test. The
elemental analyzer Vario EL cube (Elementar GMBH, Frankfurt, Germany) was used to
determine the elemental composition and content (EDX) of the coal samples before and



Processes 2024, 12, 188 3 of 17

after adsorption. An S-4800 (HITACHI, Tokyo, Japan) scanning electron microscope (SEM)
was used to capture images of the coal samples before and after adsorption. The test voltage
and current were 3 kV and 10 µA, respectively. Measurement of the pore structure of the
coal samples before adsorption was performed using a fully automatic specific surface
area and microporous physical adsorption instrument (Micromeritics, ASAP-2020 HD-88,
Atlanta, GA, USA). The specific surface area (BET), Barrett–Joyner–Halenda (BJH) pore
size distribution, and pore size parameters of the coal samples before adsorption were
determined using a specific surface area analyzer (ASAP2020HD88). A Shimadzu Model
1.50SU1 was used to measure the coal samples’ Fourier transform infrared transmission
spectroscopy (FT-IR) with a 400–4000 cm−1 measurement wavelength range.
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2.3. Adsorption Experiment

Design isothermal adsorption experiments with different pH values to study the effect
of pH changes on Fe(II) adsorption by coal samples. Add 1 g of coal sample to 20 mL
of 10 mg L−1 Fe(II) solution, and the pH value of the solution varies between 2 and 7.
Design isothermal adsorption experiments with different solid–liquid ratios to study the
effect of changes in the solid–liquid ratio on the adsorption of Fe(II) by coal samples. Add
different-quality coal samples into 50 mL 10 mg L−1 Fe(II) solution, and the quality of
coal samples changes in the 1~3 g range. Design adsorption thermodynamic experiments
to study the effect of temperature changes on Fe(II) adsorption on coal samples. Add
1 g of coal sample to 20 mL of 10 mg L−1 Fe(II) solution, and the solution temperature
varies between 25 and 55 ◦C. Add 1 g of coal sample to 20 mL of 10 mg L−1 Fe(II) solution
and conduct adsorption kinetics experiments within 1~24 h. The isothermal adsorption
test involves adding 1 g of coal sample to 20 mL of Fe(II) solution, with an initial Fe(II)
concentration ranging from 1 to 50 mg L−1. The above tests were performed on a horizontal
shaker. Immediately after reaching the corresponding adsorption time, take the upper clear
liquid for Fe(II) concentration detection. Meanwhile, filter out the coal sample with filter
paper and place it in a drying oven to dry at 105 ◦C for 4 h. The nonvariable parameters
and variable parameter gradients in each experiment are shown in Table 1.

2.4. Determination of Fe(II) Concentration

In this experiment, o-phenanthroline spectrophotometry was used to precisely detect
the concentration of Fe(II) in solution [19]. The tested solution was first diluted by adding
1 mL to the test tube. Second, 0.15% (g mL−1) phenanthroline, 0.10% (g mL−1) hydrox-
ylamine hydrochloride, and 8.23% (g mL−1) sodium acetate were added to the test tube
in that order. Finally, water was added to 10 mL, followed by 10 min of waiting time. A
suitable volume of liquid was put into a 10 mm colorimetric dish and was measured by a
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UV spectrophotometer (HACH/DR5000) with the absorbance at 510 nm. The adsorption
capacity (q, mg g−1) and unit removal rate (A%) of absorbed Fe(II) were estimated using
Equations (1) and (2):

q =
(C0 − Ce)× V

m
(1)

A(%) =
C0 − Ce

mC0
× 100% (2)

where V is the volume (L) of the Fe(II) solution; m is the mass (g) of the coal sample;
and C0 and Ce represent the initial and equilibrium concentration of Fe(II) in the solution
(mg L−1), respectively.

Table 1. Adsorption experimental parameters.

Experiment Name pH Solid–Liquid Ratio
(g mL−1) Temperature (◦C) Time (h) Concentration

(mg L−1)

Isothermal adsorption experiments
with different pH values

2, 3, 4,
5, 6, 7 1:20 25 2 10

Isothermal adsorption experiments
with different solid–liquid ratios 6

1:50, 1.5:50,
2:50, 2.5:50,

3:50
25 0.5, 2 10

Adsorption thermodynamics
experiment 6 1:20 25, 35,

45, 55 5 10

Isothermal adsorption experiment 6 1:20 25 24 1, 4, 8, 10, 12, 16,
20, 25, 30, 40, 50

Adsorption kinetics experiment 6 1:20 25 0~24 10

A standard curve for this test method is required to determine the concentration
of Fe(II) in a solution after adsorption. Standard Fe(II) solutions with concentrations of
1 mg L−1, 2 mg L−1, 5 mg L−1, 10 mg L−1, 15 mg L−1, and 20 mg L−1 were configured,
and the absorbance of the solutions was tested. The standard curve obtained is shown in
Figure 2.
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3. Results and Discussion
3.1. Characterization of Nonstick Coal

The chemical element composition of the nonstick coal was quantitatively analyzed
by the EDX method, and the results are shown in Figure 3a. The spectrum shows that the
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chemical elements contained in the nonstick coal are mainly C, O, Al, Si, S, and Ca. The
percentages are 77.18%, 19.62%, 0.13%, 0.16%, 0.1.1%, and 2.80%, respectively.
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The X-ray diffraction results of the nonstick coal are shown in Figure 3b. Combined
with EDX elemental measurements to quantitatively analyze the XRD patterns, it can be
concluded that the main mineral components in the coal samples are quartz, calcite, calcium
feldspar, and clay minerals. The clay minerals mainly include chlorite and kaolinite. The
significant mineral mass fractions in the coal samples are shown in Table 2.
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Table 2. Mineral mass fraction of nonstick coal.

Sample Mineral Composition Analysis Clay Mineral Analysis

Coal
sample

Quartz Calcite Anorthite Clay Chlorite Kaolinite
27.6% 42.6% 16.4% 13.4% 13% 87%

The nitrogen adsorption–desorption isotherm of the coal samples is depicted in
Figure 3c. According to the curve morphology, the coal samples consist of a typical meso-
porous material that matches the Type IV isotherm and the Type H3 hysteresis ring [20] of
the IUPAC’s categorization of porous solids. Monomolecular layer adsorption occurred in
the micropores in the low relative pressure interval (P/P0 < 0.15). As the relative pressure
increased (P/P0 = 0.15–0.4), multilayer adsorption occurred in some micropores, with mini-
mal adsorption in this pressure interval. At high relative pressure (P/P0 > 0.4), capillary
coalescence occurred in the mesopores of the coal samples. Figure 3d shows the pore size
distribution curve of the coal samples. According to the IUPAC pore size classification
method, the pore sizes of the coal samples can be classified as microporous (less than 2 nm),
mesoporous (2~50 nm), and macroporous (larger than 50 nm), which accounted for 12.7%,
85.8%, and 1.5%, respectively. Among them, the mesopores were mainly concentrated in
the 2~10 nm range. The coal samples had a BET surface area of 10.724 m2 g−1 and a pore
volume of 0.013 cm3 g−1. The average pore diameter determined by the BJH model was
5.265 nm, further demonstrating the mesoporous nature of the coal sample material.

Figure 3e,f show SEM images of the nonstick coal at different observation scales. The
structure is dense, and the surface is relatively flat at the 5.00 µm observation scale, and its
many tiny pore structures can be observed at the 500 nm observation scale. These pores
increase the contact area between the coal sample and the liquid, which provides the basis
for the adsorption of Fe(II).

3.2. Influence of pH on Adsorption of Fe(II) in Coal Samples

According to the literature, it is necessary to research the impact of pH change on the
adsorbed Fe(II) in coal samples because some coal mines have acidic mine water [21,22].
The adsorption capacity of Fe(II) on coal samples under different pH values is shown in
Figure 4. The experimental results showed that the adsorption of Fe(II) on coal samples
increased with the increase in pH value in an “S” shape. The amount of coal sample
adsorbed at pH = 2 is only 0.0043 mg g−1. The adsorption of the coal sample rises to
0.0263 mg g−1 at pH = 4. The coal samples’ adsorption rises rapidly to 0.1724 mg g−1

at pH = 5. The coal samples’ adsorption rises to 0.1928 mg g−1 when the pH is 7. The
experimental results show that there is a competitive adsorption relationship between H+
and Fe(II) in the solution, leading to a decrease in the adsorption amount of Fe(II), since
the adsorption sites in the coal samples tend to undergo a protonation reaction with H+ at
lower pH levels, which leads to a decrease in the number of adsorption sites.

3.3. Influence of the Solid–Liquid Ratio on Adsorption of Fe(II) in Coal Samples

Figure 5 shows the effect of coal samples on the adsorption capacity and unit removal
rate of Fe(II) under different solid–liquid ratio conditions. Figure 5a shows the results
after 0.5 h of adsorption. It can be seen that with the increase in the solid–liquid ratio, the
adsorption capacity of the coal samples for Fe(II) increased linearly from 0.078 mg g−1 to
0.115 mg g−1, and the corresponding unit removal rate increased linearly from 15.6% to
23.1%. Figure 5b shows the results after 2 h of adsorption. It can be seen that with the
increase in the solid–liquid ratio, the adsorption capacity of the coal samples for Fe(II)
decreased linearly from 0.198 mg g−1 to 0.148 mg g−1, and the corresponding unit removal
rate decreased linearly from 39.7% to 29.6%. With the same Fe(II) concentration at the
beginning of adsorption (0.5 h), the active sites on the surface of solid particles increased
accordingly with the increase in the solid–liquid ratio. Fe(II) in the solution was rapidly
adsorbed by the adsorption sites on the surface of the particles before it diffused into the
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interior of the coal sample particles. Therefore, the adsorption capacity and unit removal
rate increased with the increase in the solid–liquid ratio. With the increase in adsorption
time (2 h), the concentration of Fe(II) in the solution with a relatively sizeable solid–liquid
ratio decreased, which led to the decrease in the adsorption capacity and unit removal rate
of the coal samples with the increase in the solid–liquid ratio.

Processes 2024, 12, x FOR PEER REVIEW 7 of 18 
 

12.7%, 85.8%, and 1.5%, respectively. Among them, the mesopores were mainly concen-
trated in the 2~10 nm range. The coal samples had a BET surface area of 10.724 m2 g−1 and 
a pore volume of 0.013 cm3 g−1. The average pore diameter determined by the BJH model 
was 5.265 nm, further demonstrating the mesoporous nature of the coal sample material. 

Figure 3e,f show SEM images of the nonstick coal at different observation scales. The 
structure is dense, and the surface is relatively flat at the 5.00 μm observation scale, and 
its many tiny pore structures can be observed at the 500 nm observation scale. These pores 
increase the contact area between the coal sample and the liquid, which provides the basis 
for the adsorption of Fe(II). 

Table 2. Mineral mass fraction of nonstick coal. 

Sample Mineral Composition Analysis Clay Mineral Analysis 

Coal sample Quartz Calcite Anorthite Clay Chlorite Kaolinite 
27.6% 42.6% 16.4% 13.4% 13% 87% 

3.2. Influence of pH on Adsorption of Fe(II) in Coal Samples 
According to the literature, it is necessary to research the impact of pH change on the 

adsorbed Fe(Ⅱ) in coal samples because some coal mines have acidic mine water [21,22]. 
The adsorption capacity of Fe(Ⅱ) on coal samples under different pH values is shown in 
Figure 4. The experimental results showed that the adsorption of Fe(Ⅱ) on coal samples 
increased with the increase in pH value in an “S” shape. The amount of coal sample ad-
sorbed at pH = 2 is only 0.0043 mg g−1. The adsorption of the coal sample rises to 0.0263 
mg g−1 at pH = 4. The coal samples’ adsorption rises rapidly to 0.1724 mg g−1 at pH = 5. The 
coal samples’ adsorption rises to 0.1928 mg g−1 when the pH is 7. The experimental results 
show that there is a competitive adsorption relationship between H+ and Fe(Ⅱ) in the so-
lution, leading to a decrease in the adsorption amount of Fe(Ⅱ), since the adsorption sites 
in the coal samples tend to undergo a protonation reaction with H+ at lower pH levels, 
which leads to a decrease in the number of adsorption sites. 

 
Figure 4. Effect of pH on Fe(Ⅱ) adsorption from coal samples. 

3.3. Influence of the Solid–Liquid Ratio on Adsorption of Fe(II) in Coal Samples 
Figure 5 shows the effect of coal samples on the adsorption capacity and unit removal 

rate of Fe(Ⅱ) under different solid–liquid ratio conditions. Figure 5a shows the results after 
0.5 h of adsorption. It can be seen that with the increase in the solid–liquid ratio, the ad-
sorption capacity of the coal samples for Fe(Ⅱ) increased linearly from 0.078 mg g−1 to 0.115 

Figure 4. Effect of pH on Fe(II) adsorption from coal samples.

Processes 2024, 12, x FOR PEER REVIEW 8 of 18 
 

mg g−1, and the corresponding unit removal rate increased linearly from 15.6% to 23.1%. 
Figure 5b shows the results after 2 h of adsorption. It can be seen that with the increase in 
the solid–liquid ratio, the adsorption capacity of the coal samples for Fe(Ⅱ) decreased lin-
early from 0.198 mg g−1 to 0.148 mg g−1, and the corresponding unit removal rate decreased 
linearly from 39.7% to 29.6%. With the same Fe(Ⅱ) concentration at the beginning of ad-
sorption (0.5 h), the active sites on the surface of solid particles increased accordingly with 
the increase in the solid–liquid ratio. Fe(Ⅱ) in the solution was rapidly adsorbed by the 
adsorption sites on the surface of the particles before it diffused into the interior of the 
coal sample particles. Therefore, the adsorption capacity and unit removal rate increased 
with the increase in the solid–liquid ratio. With the increase in adsorption time (2 h), the 
concentration of Fe(Ⅱ) in the solution with a relatively sizeable solid–liquid ratio de-
creased, which led to the decrease in the adsorption capacity and unit removal rate of the 
coal samples with the increase in the solid–liquid ratio. 

 
Figure 5. Effect of solid–liquid ratio on adsorption of Fe(Ⅱ) on coal samples: (a) adsorbed for 0.5 h; 
(b) adsorbed for 2 h. 

3.4. Thermodynamic Study of Adsorption 
The effect of temperature change on the adsorption of Fe(Ⅱ) from the coal samples is 

shown in Figure 6a. As the solution temperature increased from 25 °C to 55 °C, the ad-
sorbed amount of the coal samples gradually increased from 0.168 mg L−1 to 0.189 mg L−1 
with an increase of 12.5%, which indicates that the high-temperature environment is fa-
vorable for adsorption. 

The enthalpy change (∆H), Gibbs free energy (∆G), and entropy change (∆S) of the 
coal samples during adsorption of Fe(Ⅱ) at 25–55 °C were calculated according to Equa-
tions (3)–(6), and the results are shown in Table 3. In the adsorption process, ∆H > 0 indi-
cates that the adsorption of Fe(Ⅱ) from coal samples is heat-absorbing, suggesting that 
raising the temperature is favorable for adsorption; ∆G > 0 and decreases gradually with 
increasing temperature, suggesting that heating is favorable for the adsorption of heavy 
metal ions and that the adsorption reaction proceeds spontaneously. 

e

e

qD
C

=
 

(3)

lnG RT DΔ = −  (4)

G H T SΔ = Δ − Δ  (5)

Figure 5. Effect of solid–liquid ratio on adsorption of Fe(II) on coal samples: (a) adsorbed for 0.5 h;
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3.4. Thermodynamic Study of Adsorption

The effect of temperature change on the adsorption of Fe(II) from the coal samples is
shown in Figure 6a. As the solution temperature increased from 25 ◦C to 55 ◦C, the adsorbed
amount of the coal samples gradually increased from 0.168 mg L−1 to 0.189 mg L−1 with
an increase of 12.5%, which indicates that the high-temperature environment is favorable
for adsorption.

The enthalpy change (∆H), Gibbs free energy (∆G), and entropy change (∆S) of
the coal samples during adsorption of Fe(II) at 25–55 ◦C were calculated according to
Equations (3)–(6), and the results are shown in Table 3. In the adsorption process, ∆H > 0
indicates that the adsorption of Fe(II) from coal samples is heat-absorbing, suggesting that
raising the temperature is favorable for adsorption; ∆G > 0 and decreases gradually with
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increasing temperature, suggesting that heating is favorable for the adsorption of heavy
metal ions and that the adsorption reaction proceeds spontaneously.

D =
qe

Ce
(3)

∆G = −RT ln D (4)

∆G = ∆H − T∆S (5)

ln D = −∆H
RT

+
∆S
R

(6)

where qe stands for the degree of adsorption at the appropriate temperature when the
adsorption process reaches equilibrium (mg g−1); T is the absolute temperature (K); R is
the thermodynamic constant (J mol−1 k−1); Ce is the concentration of Fe(II) in the solution
at equilibrium (mg g−1); and D is the adsorption equilibrium constant.
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Table 3. The thermodynamic parameters of Fe(II) adsorption on coal samples at different
temperatures.

T (K) ∆G (kJ mol−1) ∆S (J mol−1 K−1) ∆H (kJ mol−1)

298 5.55 89.40 32.21
308 5.25 89.40 32.80
318 4.28 89.40 32.73
328 2.85 89.40 32.18

3.5. Adsorption Dynamic Curves and Equations

The adsorption process is generally categorized into three processes [23,24]: the
external diffusion process, the internal diffusion process, and the surface adsorption process.
The speed of the adsorption process to reach the equilibrium time can reflect the adsorption
efficiency of coal samples. The adsorption kinetic experiments were carried out according
to the solution and coal sample parameters in Table 1, and the results are shown in Figure 7a.
It can be seen that the adsorption capacity of Fe(II) from coal samples with the increase in
time went from a rapid increase in the early stage to a gradual decrease in the late stage, and
the adsorption capacity was in an exponential curve with time. In 0–3 h, most of the Fe(II)
in the solution was adsorbed by the coal sample, and the adsorption capacity was as high
as 93.4%. The increase in the adsorption amount was not apparent with the increase in time,
and the adsorption tended to equilibrium at 5 h. In order to ensure the complete adsorption
equilibrium, the longest adsorption time was extended to 24 h. As porous media, the pore
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sizes and surface areas of the coal samples are relatively large, exposing many adsorbable
sites. Since the solution is mainly on the outer surface of the coal sample particles at the
early adsorption stage, the adsorption process is external diffusion and surface adsorption.
Since there are more adsorption sites on the outside of the coal particles than on the inside,
the coal samples quickly absorb a large amount of Fe(II). With the increase in time, the
adsorption capacity and the adsorption rate decreased due to the decrease in the adsorbable
active sites and the change of the adsorption process to the internal diffusion process.
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Figure 7. (a) Adsorption kinetics of Fe(II) on coal samples. (b) Pseudo-first-order kinetic model and
(c) pseudo-second-order kinetic model from (a).

In order to estimate the adsorption rate and investigate the adsorption mechanism,
the quasi-first-order dynamic model [25] and quasi-second-order dynamic model [26]
are typically employed to fit adsorption data. The quasi-first-order dynamic model and
quasi-second-order dynamic model are expressed in Equations (7) and (8).

ln(qe − qt) = ln qe −
k1t

2.303
(7)

qt =
q2

e k2t
1 + qek2t

(8)

where qe and qt represent the amount of adsorption at equilibrium and the instantaneous
adsorption at time t (mg g−1), respectively, and k1 and k2 are the adsorption rate constants of
the quasi-first-order kinetic equation (min−1) and the quasi-second-order kinetic equation
(g mg−1 min−1), respectively. Figure 7b. Plotting t through ln(qe − qt) computes qe and k1
(see Figure 7b). Plotting against t via t/qt calculates qe and k2 (see Figure 7c). The results
show that the pseudo-second-order model can better describe the adsorption behavior of
Fe(II) on coal samples because the R2 of the pseudo-second-order fitting is higher than
that of the pseudo-first-order fit, which indicates that the adsorption is mainly dominated
by chemisorption.

3.6. Isothermal Adsorption Curve Analysis

Table 1 lists the solution and coal sample parameters for the isothermal adsorption ex-
periments, which were designed to investigate the adsorption properties of coal samples for
Fe(II) at different initial concentrations. The Langmuir [27] and Freundlich [28] adsorption
isothermal models are usually used to analyze experimental data by nonlinear curve fitting,
which can provide an understanding of the strength of the adsorption, the characteristics
of the adsorbed molecules, and the changes in the structure of the adsorbed layer.

The Langmuir equation is the ideal theory of adsorption in a single molecular layer,
which indicates that the adsorption sites are uniformly distributed on the surface of the
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adsorbent and that the molecules do not interact with each other during the adsorption
process. The exact expression is given in Equation (9).

qe =
bqmCe

1 + bCe
(9)

where qe represents the adsorption capacity when the adsorption process reaches a balance
at the corresponding concentration (mg g−1); Ce is the concentration of adsorbent in the
solution at the adsorption equilibrium (mg L−1); qm is the saturated adsorption capacity
of the adsorbent (mg g−1); and b is the Langmuir equilibrium adsorption characteristic
constant, which can represent the strength of the adsorption capacity.

The Freundlich equation is a multimolecular layer adsorption theory, which indicates
that adsorption occurs on the surface of the adsorbent and can be applied to both physical
and chemical adsorption. The exact expression is given in Equation (10).

qe = K · C
1
n

e (10)

where n and K represent the Freundlich empirical constants that evaluate the adsorption
intensity and adsorption capacity ((mg−1) (L mg−1)1/n). The K value can indicate the
strength of the adsorption capacity. The n value can indicate the strength of adsorption and
the inhomogeneity of the adsorbent.

Figure 8 shows the nonlinear curve fitting results of the experimental data using
Langmuir and Freundlich isothermal adsorption models. The fitted parameters are shown
in Table 4. The results show that the R2 value of the Langmuir model is higher than that of
the Freundlich model, and the qe value of the Langmuir model is 0.43476 mg g−1, consistent
with the experimental results. The Langmuir isothermal model is more suitable for fitting
Fe(II) adsorption on coal samples, which can be regarded as the adsorption of Fe(II) on coal
samples as monomolecular layer adsorption. By comparing it with the reported literature
on the subject, the adsorption obtained by modeling in this work is better [29]. It has some
potential for treating heavy metals in coal mine water.
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Table 4. Fitting parameters of Langmuir and Freundlich models for Fe(II) adsorption by coal samples.

Sample
Langmuir Freundlich

qe (mg g−1) b (L mg−1) R2 k n R2

Noncaking coal 0.43476 9.45578 0.855 0.33353 10.22959 0.76922

3.7. Discussion of the Adsorption Mechanism
3.7.1. Microstructural Changes

Figure 9 shows SEM images of the coal samples after adsorption. The surfaces became
rough and a small amount of crumbly particles appeared in the local areas at the observation
scale of 5.00 µm, and the crumbly particles could be seen in a scale-like random distribution
at the observation scale of 500 nm. The heavy metal ions in solution were adsorbed on
the surface of the coal samples as small particles of sediments through adsorption on the
surface pores or ligand reaction with the metal ions.
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Figure 9. SEM images of coal samples after adsorption of Fe(II). (a) At 5.00 µm scale; (b) At
500 nm scale.

3.7.2. Changes in Elemental and Mineral Composition

The adsorbed coal samples were subjected to EDX assay to investigate the changes in
the constituent elements of the coal samples after adsorption. The adsorbed coal samples
were taken from the isothermal adsorption test group after adsorption in Fe(II) solutions
with initial concentrations of 4 mg L−1, 12 mg L−1, 20 mg L−1, and 30 mg L−1. Considering
the limitation of the shallow depth of X-ray penetration in the EDX assay [30], the results
were used only for qualitative analysis. Elemental Fe was detected at 0.739 keV and
6.414 keV, which indicates that Fe(II) in solution was adsorbed onto the surface of the coal
sample particles. Table 5 shows the changes in the constituent elements and contents of the
coal samples before and after adsorption. From Table 5, it can be seen that the Fe element
and its content in the constituent elements of the coal samples increased gradually after the
adsorption of Fe(II).

Table 5. Changes in composition and content in the coal before and after adsorption.

Element C O Al Si S Ca Fe

Before adsorption 77.18% 19.62% 0.13% 0.16% 0.11% 2.80% 0.00%
4 mg L−1 79.15% 19.14% 0.17% 0.13% 0.09% 1.23% 0.09%
12 mg L−1 79.40% 18.36% 0.16% 0.21% 0.09% 1.66% 0.12%
20 mg L−1 79.39% 19.22% 0.20% 0.15% 0.13% 0.76% 0.15%
30 mg L−1 80.35% 18.22% 0.14% 0.19% 0.15% 0.71% 0.24%

The X-ray diffraction (XRD) patterns of the coal samples after adsorption are shown
in Figure 10, where 4 mg L−1, 12 mg L−1, 20 mg L−1, and 30 mg L−1 represent the
concentrations of the initial solutions in the isothermal adsorption experimental group. By



Processes 2024, 12, 188 12 of 17

comparing the XRD patterns of the samples before and after adsorption, the positions of
the absorption peaks did not change, which indicated that the mineral composition and
crystal structure in the coal were not damaged. The intensity of the absorption peaks at
29.5◦ and 43.2◦ showed a small decrease, which indicated that a small number of calcite
crystals were decomposed. Since the isothermal adsorption experiment was conducted
in a weakly acidic environment (pH = 6), the small number of calcite crystals in the coal
samples reacted with H+ in the solution, which led to the decrease in calcite content. The
decrease in the elemental Ca content in the EDX results was corroborated by the decrease
in calcite content.
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3.7.3. FT-IR Analysis

The Fourier transform infrared spectra (FT-IR) of the coal samples before and after the
adsorption of Fe(II) are shown in Figure 11. The adsorbed coal samples were taken from
the isothermal adsorption experiments after adsorption in a solution with an initial con-
centration of 30 mg L−1. The intensities of the absorption peaks at 1348 cm−1, 1398 cm−1,
1600 cm−1, and 2600~3600 cm−1 wave numbers of the coal samples were significantly re-
duced after absorption, which indicated that there was a shedding of the internal functional
groups of the coal samples after absorption.

According to the literature [31,32], the FT-IR spectra of coal samples can generally be
divided into four subzones, which are the aryl ring substitution zone between 900 and
700 cm−1, the oxygen-containing functional group zone between 1800 and 1000 cm−1, the
aliphatic zone between 3000 and 2800 cm−1, and the hydrogen bonding zone between
3600 and 3000 cm−1. Since the aliphatic and hydrogen bonded regions of the coal samples
in this study interfered with each other and the range of the aliphatic region was enlarged,
the infrared spectra in the range of 2600–3600 cm−1 were combined into a single interval
for analysis in order to ensure the accuracy of the split-peak fitting. The Gaussian function
was used to fit the peaks in each interval of the coal samples before and after adsorption
to obtain the absorption peak positions, peak area ratios, and area ratio parameters of the
major functional groups. The results of peak fitting for each interval of coal samples before
and after adsorption are shown in Figure 12.



Processes 2024, 12, 188 13 of 17

Processes 2024, 12, x FOR PEER REVIEW 13 of 18 
 

samples reacted with H+ in the solution, which led to the decrease in calcite content. The 
decrease in the elemental Ca content in the EDX results was corroborated by the decrease 
in calcite content. 

 
Figure 10. XRD patterns of coal samples before and after adsorption. 

3.7.3. FT-IR Analysis 
The Fourier transform infrared spectra (FT-IR) of the coal samples before and after 

the adsorption of Fe(Ⅱ) are shown in Figure 11. The adsorbed coal samples were taken 
from the isothermal adsorption experiments after adsorption in a solution with an initial 
concentration of 30 mg L−1. The intensities of the absorption peaks at 1348 cm−1, 1398 cm−1, 
1600 cm−1, and 2600~3600 cm−1 wave numbers of the coal samples were significantly re-
duced after absorption, which indicated that there was a shedding of the internal func-
tional groups of the coal samples after absorption. 

 
Figure 11. FT-IR spectra of coal samples before and after Fe(Ⅱ) adsorption by coal samples. Figure 11. FT-IR spectra of coal samples before and after Fe(II) adsorption by coal samples.

Processes 2024, 12, x FOR PEER REVIEW 14 of 18 
 

According to the literature [31,32], the FT-IR spectra of coal samples can generally be 
divided into four subzones, which are the aryl ring substitution zone between 900 and 700 
cm−1, the oxygen-containing functional group zone between 1800 and 1000 cm−1, the ali-
phatic zone between 3000 and 2800 cm−1, and the hydrogen bonding zone between 3600 
and 3000 cm−1. Since the aliphatic and hydrogen bonded regions of the coal samples in 
this study interfered with each other and the range of the aliphatic region was enlarged, 
the infrared spectra in the range of 2600–3600 cm−1 were combined into a single interval 
for analysis in order to ensure the accuracy of the split-peak fitting. The Gaussian function 
was used to fit the peaks in each interval of the coal samples before and after adsorption 
to obtain the absorption peak positions, peak area ratios, and area ratio parameters of the 
major functional groups. The results of peak fitting for each interval of coal samples before 
and after adsorption are shown in Figure 12. 

 

 

Figure 12. Cont.



Processes 2024, 12, 188 14 of 17

Processes 2024, 12, x FOR PEER REVIEW 15 of 18 
 

 

Figure 12. Fitted curves of different stages of peak splitting of FT-IR of nonstick coal before and after 
adsorption: (a) aryl ring substituent region; (b) oxygen-atom-containing functional group region; (c) 
aliphatic and hydrogen bonding region. 

Figure 12a shows the peak fitting of coal samples before and after adsorption in the 
aromatic ring substitution region (700–900 cm−1). Both can be fitted with four subpeaks, 
which are the benzene ring monosubstitution near 767 cm−1, two benzene ring trisubstitu-
tions near 770–790 cm−1, and benzene ring pentasubstitution near 883 cm−1. The results of 
the fitting parameters of each subpeak are shown in Table 6, which shows that the peak 
position of the benzene ring trisubstituted in the coal samples after adsorption decreased 
by 10 cm−1. At the same time, the peak positions of the rest of the functional groups re-
mained almost unchanged. The proportion of benzene ring trisubstitution was the highest 
in the coal samples before adsorption, followed by benzene ring monosubstitution. The 
highest proportion of benzene ring trisubstitution, followed by benzene ring pentasubsti-
tution, was found in the functional groups of the post-adsorption coal samples. Although 
the positions and percentages of some functional groups were changed, the overall con-
tent of functional groups decreased insignificantly, indicating that the adsorption of Fe(II) 
was less affected by the functional groups in this region. 

Figure 12b shows the peak fitting results of coal samples before and after adsorption 
in the oxygen-containing functional group region (1800–1000 cm−1). Both can be fitted with 
six subpeaks, which are the C-OH stretching vibrations near 1049 and 1094 cm−1 for alco-
hols, the -CH3 symmetric bending vibration near 1348 cm−1, the C-O -H in-plane bending 
vibration, the C-OH stretching vibration near 1597 cm−1, and the C=O stretching vibration 
near 1648 cm−1. The results of the fitted parameters of the individual subpeaks are shown 
in Table 7, which shows that the positions of the subpeaks before and after adsorption 
were almost unchanged, and the order of the areas of the individual subpeaks did not 
change. The peak areas of individual subpeaks in the coal samples after adsorption were 
significantly reduced: the carboxyl groups (-COOH) at 1602 cm−1 and 1654 cm−1. The car-
boxyl peak area of the coal sample after adsorption was 43% of that before adsorption, 
which indicates that the adsorption of Fe(II) reduced the carboxyl group content. 

Figure 12c shows the results of peak fitting in the aliphatic region (2600–3000 cm−1) 
and hydrogen bonding region (3000–3600 cm−1) for the coal samples before and after ad-
sorption. Both can be fitted with six subpeaks. The subpeaks in the aliphatic region are 
aldehyde C-H stretching vibration near 2718 cm−1, -CH2 symmetric stretching vibration 
near 2806 cm−1, alkyl C-H stretching vibration near 2902 cm−1, and CH3 antisymmetric 
stretching vibration near 2992 cm−1. The subpeaks in the hydrogen bonding region are the 
aryl ring -OH stretching vibration near 3113 cm−1, the -OH stretching vibration near 3194 
cm−1, the O-H stretching vibration of the alcohol near 3388 cm−1, and the π -. The results of 
the fitting parameters for each subpeak are shown in Table 8. Table 8 shows no significant 

Figure 12. Fitted curves of different stages of peak splitting of FT-IR of nonstick coal before and after
adsorption: (a) aryl ring substituent region; (b) oxygen-atom-containing functional group region;
(c) aliphatic and hydrogen bonding region.

Figure 12a shows the peak fitting of coal samples before and after adsorption in the
aromatic ring substitution region (700–900 cm−1). Both can be fitted with four subpeaks,
which are the benzene ring monosubstitution near 767 cm−1, two benzene ring trisubstitu-
tions near 770–790 cm−1, and benzene ring pentasubstitution near 883 cm−1. The results of
the fitting parameters of each subpeak are shown in Table 6, which shows that the peak
position of the benzene ring trisubstituted in the coal samples after adsorption decreased by
10 cm−1. At the same time, the peak positions of the rest of the functional groups remained
almost unchanged. The proportion of benzene ring trisubstitution was the highest in the
coal samples before adsorption, followed by benzene ring monosubstitution. The highest
proportion of benzene ring trisubstitution, followed by benzene ring pentasubstitution,
was found in the functional groups of the post-adsorption coal samples. Although the
positions and percentages of some functional groups were changed, the overall content of
functional groups decreased insignificantly, indicating that the adsorption of Fe(II) was less
affected by the functional groups in this region.

Table 6. Fitting parameters of aromatic ring region (700~900 cm−1) in FT-IR spectrum.

Number Functional Group
Before Adsorption After Adsorption

Peak Position
(cm−1) Peak Area Area Ratio

(%)
Peak Position

(cm−1) Peak Area Area Ratio
(%)

1 Benzene ring substitution 767 1.48 26.24 764 0.50 15.59
2 Benzene ring trisubstitution 785 0.71 12.65 775 0.40 12.51
3 Benzene ring trisubstitution 789 2.89 51.28 778 1.73 53.56
4 Benzene ring pentasubstitution 883 0.55 9.83 882 0.59 18.34

Figure 12b shows the peak fitting results of coal samples before and after adsorption
in the oxygen-containing functional group region (1800–1000 cm−1). Both can be fitted
with six subpeaks, which are the C-OH stretching vibrations near 1049 and 1094 cm−1

for alcohols, the -CH3 symmetric bending vibration near 1348 cm−1, the C-O -H in-plane
bending vibration, the C-OH stretching vibration near 1597 cm−1, and the C=O stretching
vibration near 1648 cm−1. The results of the fitted parameters of the individual subpeaks
are shown in Table 7, which shows that the positions of the subpeaks before and after
adsorption were almost unchanged, and the order of the areas of the individual subpeaks
did not change. The peak areas of individual subpeaks in the coal samples after adsorption
were significantly reduced: the carboxyl groups (-COOH) at 1602 cm−1 and 1654 cm−1. The
carboxyl peak area of the coal sample after adsorption was 43% of that before adsorption,
which indicates that the adsorption of Fe(II) reduced the carboxyl group content.
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Table 7. Peak fitting parameters of FT-IR spectrum in oxygen-containing functional group region
(1000~1800 cm−1).

Number Functional Group
Before Adsorption After Adsorption

Peak Position
(cm−1) Peak Area Area

Ratio (%)
Peak Position

(cm−1) Peak Area Area
Ratio (%)

1 C−OH stretching vibration of alcohols 1049 1.31 0.91 1049 1.22 1.77
2 C−OH stretching vibration of alcohols 1094 8.65 5.90 1090 6.09 8.83
3 −CH3 symmetric bending vibration 1348 11.80 8.17 1348 6.53 9.47
4 Carboxyl C−O−H bending vibration 1395 17.52 12.14 1396 9.80 14.21
5 Carboxyl C−OH stretching vibration 1597 39.49 27.36 1602 21.92 31.77
6 Carboxyl C=O stretching vibration 1648 66.19 45.52 1654 23.42 33.95

Figure 12c shows the results of peak fitting in the aliphatic region (2600–3000 cm−1)
and hydrogen bonding region (3000–3600 cm−1) for the coal samples before and after
adsorption. Both can be fitted with six subpeaks. The subpeaks in the aliphatic region are
aldehyde C-H stretching vibration near 2718 cm−1, -CH2 symmetric stretching vibration
near 2806 cm−1, alkyl C-H stretching vibration near 2902 cm−1, and CH3 antisymmetric
stretching vibration near 2992 cm−1. The subpeaks in the hydrogen bonding region are
the aryl ring -OH stretching vibration near 3113 cm−1, the -OH stretching vibration near
3194 cm−1, the O-H stretching vibration of the alcohol near 3388 cm−1, and the π -. The
results of the fitting parameters for each subpeak are shown in Table 8. Table 8 shows
no significant change in the position of the functional groups in the aliphatic region. In
contrast, there is a decrease in the alkyl functional group, suggesting a detachment of
the CH3/CH2 aliphatic chain during the adsorption process. Similarly, the positions of
functional groups in the hydrogen bonding region did not change. In contrast, the peak
areas of the -OH functional groups at 3194 and 3388 decreased significantly, indicating the
presence of -OH shedding during the adsorption of Fe(II).

Table 8. Fitting parameters for aliphatic region (2600~3000 cm−1) and hydrogen bond region
(3000~3600 cm−1) in FT-IR spectrum.

Number Functional Group
Before Adsorption After Adsorption

Peak Position
(cm−1) Peak Area Area

Ratio (%)
Peak Position

(cm−1) Peak Area Area
Ratio (%)

1 Aldehyde C−H stretching vibration 2718 3.56 1.30 2714 2.11 2.20
2 −CH2 symmetric stretching vibration 2806 3.86 1.41 2802 2.40 2.51
3 Alkyl C−H stretching vibration 2902 20.39 7.45 2902 8.29 8.67
4 −CH3 antisymmetric stretching vibration 2992 11.21 4.09 2992 5.69 5.96
5 Aromatic ring −OH stretching vibration 3113 11.15 4.07 3114 8.32 8.70
6 −OH stretching vibration 3194 98.00 35.79 3197 28.07 29.36
7 O−H stretching vibration of alcohols 3388 88.06 32.16 3388 39.19 40.99
8 π−OH 3533 37.60 13.73 3534 1.55 1.62

From the adsorption kinetic analysis and isothermal adsorption results, it is clear
that the adsorption of Fe(II) by the nonstick coal is dominated by chemisorption in the
monomolecular layer. Fine particulate matter precipitation was generated according to
the microscopic surfaces of the coal samples after adsorption. The elemental analysis of
the coal samples after adsorption proved the adsorption of Fe(II) to the particle surfaces of
the coal samples. Meanwhile, the FT-IR quantitative analysis showed that many hydroxyl
functional groups were shed in the adsorbed coal samples. In the hydroxyl group, losing
a proton to a hydroxyl radical ion (OH-) is easy under acidic conditions. Since Fe(II) has
a reducing property, it can easily complex with OH-. Therefore, nonstick coal achieves
adsorption of Fe(II) under laboratory conditions at room temperature (25 ◦C) in near-neutral
(pH = 5~7) conditions.

4. Conclusions

Aiming at the problem of the high heavy metal content in mine water, which leads
to a low reuse rate for mine water, in this research, the Fe(II) adsorption potential was
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investigated using the nonstick coal in a mine in western China. The following conclusions
were drawn under laboratory studies:

(1) The adsorption amount and unit removal rate decreased gradually with the increase
in the solid–liquid ratio. The adsorption of nonstick coal was better in the range of pH = 5~7.
The adsorption process of the coal samples was heating, absorbing, and warming up, which
was favorable for adsorption. The quasi-secondary kinetic model and the Langmuir model
fitted the adsorption kinetic curves and isothermal adsorption curves well, which indicated
that the chemical adsorption mainly occurred in the monomolecular layer.

(2) After the adsorption, tiny particles of precipitate were generated on the surface of
the coal samples, and the content of Fe increased. Meanwhile, the quantitative analysis
results of FT-IR showed that the -OH functional groups were significantly reduced, and
it was easy for them to lose their protons to hydroxyl ions (OH-) under acidic conditions,
which complexed with Fe(II) to produce a precipitate.
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