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Abstract: This study aimed to increase the ammonium nitrogen adsorption capacity of lignite using
ultrafine grinding, aiming to reduce eutrophication in water bodies. Ammonium sulfate (NH4)2SO4

was employed as a stand-in for ammonium nitrogen in water solutions. The lignite sample for
adsorption was processed with varying milling times. Adsorption efficacy was assessed primarily
through isothermal adsorption tests and other techniques. Additionally, the study delved into the
adsorption mechanisms. The results demonstrate that lignite ground for 50 min follows monolayer
adsorption, characterized by minimal pore size and reduced diffusion rates, thereby extending the
time to reach equilibrium and maximizing adsorption. BET and SEM analyses show that coal powder
is effectively ground by zirconia balls in a vertical stirring mill, diminishing its particle size and
forming new micropores. Concurrently, larger native pores are transformed into mesopores and
micropores, providing numerous sites for NH4

+ adsorption. XPS and FTIR analyses indicate an
increase in exposed carbonaceous surfaces and oxygen-containing functional groups in ultrafine
lignite. Ammonium ions replace hydrogen in carboxyl groups to form COONH4, and hydrogen
bonds may form between NH4

+ and C-O groups. Additionally, the electrostatic attraction between
NH4

+ and the coal surface further enhances adsorption. It can be concluded that the physical
grinding process increases the specific surface area and creates more active adsorption sites, which
in turn, boosts NH4

+ adsorption capacity. The maximum equilibrium adsorption capacity is as
high as 550 mg/g. This study suggests that ultrafine lignite is a promising material for treating
ammonia-nitrogen wastewater.

Keywords: lignite; ultrafine grinding; NH4
+; adsorption; pore structures

1. Introduction

Ammonia nitrogen is widely found in water bodies, mainly originating from dis-
charges of domestic sewage, industrial effluents, and agricultural and livestock waste
emissions [1]. The introduction of ammonia nitrogen into stagnant or slow-flowing wa-
ter bodies can trigger rapid algae growth and proliferation of harmful microorganisms,
leading to eutrophication [2,3]. Traditional treatments for ammonia nitrogen in wastewa-
ter include biological methods, breakpoint chlorination, photocatalysis, electrochemical
methods, membrane separation, and adsorption [4–9]. Adsorption has become a preferred
method for treating wastewater with low concentrations of ammonia nitrogen because it is
cost-effective, stable, and widely available and does not produce secondary pollution [10].
Developing efficient, economical, and stable adsorbent materials is crucial for the effective
adsorption treatment of ammonia nitrogen in wastewater.

Activated carbon is commonly used in treating ammonia-nitrogen wastewater because
of its extensive pore structure and large surface area [11]. However, its high production
and regeneration costs restrict its widespread use [12]. As a result, numerous low-cost
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adsorbents have been introduced recently. For example, natural zeolites, known for their
expansive surface area and superior ion exchange properties [13,14], demonstrate effective
selective adsorption for ammonia nitrogen. Biochar, an efficient carbon-based adsorbent,
removes ammonia nitrogen from wastewater mainly through electrostatic adsorption,
cation exchange, and chemical adsorption processes [15]. Kaolinite, an adsorbent made
up of metal oxides including alumina and silica [16], is a readily available mineral with
significant adsorption capacity and ion exchange strength [17]. However, these materials
need intricate pretreatment, come with high recovery expenses, and have a limited capacity
for ammonia-nitrogen adsorption. Therefore, it is essential to develop an adsorbent that is
cost-effective and has a high removal efficiency for ammonia nitrogen.

Lignite, owing to its well-developed porous structure, possesses a relatively high
specific surface area and exhibits a non-uniform pore size distribution [18,19]. It is char-
acterized by a significant content of humic and fulvic acids, along with an abundance of
oxygen-containing functional groups that serve as binding sites [20,21]. These superior
properties endow lignite with excellent adsorptive capacity, establishing it as a natural
adsorbent material. Additionally, lignite is globally abundant [22] and cost-effective. The
utilization of lignite as a low-grade resource has been explored in various application stud-
ies, including the adsorption of nitrogen oxides, carbon dioxide [23,24], copper [25], and
quinoline [26], as well as nitrogen accommodation in agricultural environments [27–31].
Lignite, compared to other types of coal, exhibits a softer coal quality. Furthermore, ul-
trafine pulverization modification of lignite, as opposed to activation methods such as
high-temperature treatment or chemical modification, not only has the potential to save
costs but can also reduce wear and tear on machinery. However, at present, there are few
scholars who have conducted research on the modification of ultrafine lignite powder, and
there is a lack of studies on the use of ultrafine lignite powder for the treatment of ammonia
nitrogen wastewater.

Therefore, in this study, lignite from Inner Mongolia was selected as the raw material
and pulverized into ultrafine coal powder of varying particle sizes using a vertical stirring
mill. The nitrogen adsorption kinetics and thermodynamics of this material were investi-
gated through laboratory-simulated studies. Additionally, the effect of different solution
pH conditions on the nitrogen adsorption capacity of lignite particles with different sizes
was examined. The adsorption mechanism for NH4

+ was explored using equation fitting,
Fourier-transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
Brunauer–Emmett–Teller (BET) analysis, and scanning electron microscopy (SEM). The
objective was to investigate the efficiency of the removal of ammoniacal nitrogen from
water using ultrafine lignite coal powder.

2. Materials and Methods
2.1. Materials

The lignite utilized in the experiments was sourced from Hohhot, Inner Mongolia.
The results of its industrial and elemental analyses are presented in Table 1. The lignite was
ground into particles smaller than 0.5 mm and dried at 20–25 ◦C with a relative humidity
of 40–50% for 48 h to remove free moisture. The dried lignite was then sieved through
an 80-mesh screen; a portion of the undersized product was set aside as the un-milled
test sample, while the remaining material was subjected to wet grinding in a vertical
stirring mill.

Table 1. Proximate and ultimate analysis of the lignite.

Proximate Analysis (%) Ultimate Analysis (%)

Mad Aad Vad FCd C H N S O

11.49 17.66 48.32 36.62 45.00 3.64 1.00 0.49 35.49
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2.2. Grinding and Adsorption Experiments

The material was subjected to wet grinding in a vertical stirring mill for durations
of 30 and 50 min. Zirconia balls were used as the grinding media with a 1:1:1 mass ratio
of large, medium, and small balls, and the rotation speed was uniformly maintained at
500 rpm to produce two ultrafine samples of different particle sizes. Both milled samples
were vacuum-dried at 75 ± 5 ◦C and stored in airtight conditions.

In this experiment, ammonium sulfate (NH4)2SO4 was utilized as the ammoniacal
nitrogen reserve solution. The adsorption of (NH4)2SO4 on lignite was investigated in
terms of concentration, time, and pH, with each set of conditions being replicated three
times. For varying initial concentrations, 0.3 g of adsorbent was added to centrifuge tubes
containing 15 mL of (NH4)2SO4 solution with concentrations ranging from 0.1 to 8.02 mol/L
(pH = 7). The tubes were then placed in a constant-temperature shaker set to an amplitude
of 180 rpm, a temperature of 25 ◦C, and an adsorption time of 240 min. The mixtures were
centrifuged at 3500 rpm for 30 min to facilitate separation, after which the supernatant
was analyzed. The concentration of NH4

+ in the supernatant solution after adsorption was
measured in accordance with the Chinese National Standard HJ535-2009 [32]. NH4

+ was
first treated with Nessler’s reagent for color development, followed by measurement using
a UV-Vis spectrophotometer (UV-5500, Shanghai, China) at a wavelength of 420 nm [33].
The adsorption capacity for NH4

+ of the three different lignite samples was studied with
an initial solution concentration of 4.22 mol/L and an adsorption period ranging from 0 to
480 min. The pH of the simulated ammoniacal wastewater was adjusted using 0.1 mol/L
HCl or NaOH to study the effect of different pH levels (3 to 8) on the adsorption capacity
for NH4

+.

2.3. Adsorption Modeling
2.3.1. Isotherm

The adsorption isotherms of NH4
+ were analyzed using the Langmuir and Freundlich

isothermal adsorption models. The calculations were carried out employing Equations (1)
and (2) [34]:

Langmuir isothermal adsorption model,

qe = KlqmCe/(1 + KlCe) (1)

Freundlich isothermal adsorption model,

qe = K f C1/n
e (2)

The parameter Kl is a constant in the Langmuir model, while Kf is a constant associated
with the Freundlich model. The term qm denotes the maximum monolayer adsorption
capacity, mg/g; Ce represents the concentration of the adsorbate in solution at equilibrium,
mg/L; n is a Freundlich isotherm constant; and the value of 1/n is utilized to assess the
difficulty of the adsorption process. Typically, a 1/n value greater than 2 indicates that
adsorption is relatively difficult, whereas an n value equal to 1 suggests a linear adsorption
behavior. A 1/n value between 0.1 and 1 signifies that adsorption occurs readily.

2.3.2. Kinetics

The pseudo-first-order and pseudo-second-order kinetic models are commonly em-
ployed to analyze the adsorption kinetic parameters. Calculations were conducted using
Equations (3) and (4) [35]:

Pseudo-first-order dynamic model,

qt = qe(1 − e−k1t) (3)
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Pseudo-second-order dynamic model,

qt = k2q2
e t/(1 + k2qet) (4)

The parameter t represents the adsorption time, min; qt denotes the amount of adsor-
bate adsorbed at time t, mg/g; qe is the equilibrium adsorption capacity, mg/g; and k1 and
k2 represent the rate constants for adsorption, g/(mg·min).

2.4. Material Characterization
2.4.1. Particle Size Analysis

The particle size distribution curves of three coal samples were determined us-
ing a Malvern Mastersizer 3000 laser particle size analyzer (Malvern Instruments Ltd.,
Malvern, UK).

2.4.2. BET Analysis

The specific surface area, total pore volume, and the volumes of micropores and
mesopores of the different samples were characterized using a Micromeritics ASAP 2460
automatic surface area and porosimetry analyzer (Micromeritics Instrument Corporation,
Norcross, GA, USA), employing nitrogen (N2) adsorption at 77.15 K and carbon dioxide
(CO2) adsorption at 273.15 K.

2.4.3. SEM Analysis

Scanning electron microscopy (SEM) images of the samples were captured with a
TESCAN AMBER X microscope (Tescan Co., Ltd., Shanghai, China). All samples were dried,
dispersed onto conductive adhesive, and then mounted on the sample stage. Observations
and imaging were conducted under a working voltage of 5 kV and a working distance of
6 mm.

2.4.4. Zeta Analysis

Zeta potential measurements of the samples at different pH levels were performed
using a Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd., Malvern, UK).

2.4.5. FTIR Analysis

Fourier-transform infrared (FTIR) spectroscopy, utilizing a NICOLET IS50 spectrom-
eter (Thermo Fisher Scientific Inc., Dreieich, Germany), was employed to analyze lignite
coal samples pre- and post-grinding, as well as to elucidate the adsorption mechanism of
NH4

+. The processed samples were blended with spectrally pure KBr at a ratio of 1:100 and
subsequently compacted into pellets. Infrared spectra of these pellets were then obtained in
transmission mode. The spectral range for the FTIR scans extended from 4000 to 400 cm−1,
with a resolution of 2 cm−1. This methodology facilitated a comprehensive examination of
the molecular interactions and structural modifications occurring within the lignite matrix
due to grinding and NH4

+ adsorption.

2.4.6. XPS Analysis

X-ray photoelectron spectroscopy (XPS) experiments were conducted with a Thermo
Scientific K-Alpha spectrometer (Thermo Fisher Scientific Inc, Dreieich, Germany). The ex-
perimental protocol included both survey and high-resolution scans, specifically targeting
C 1s and N 1s peaks. An adequate quantity of the sample was pelletized and adhered to the
sample holder before being placed into the sample chamber of the XPS instrument. Mea-
surements were initiated once the chamber pressure was reduced to below 2.0 × 10−7 mbar.
The sample was then transferred to the analysis chamber. Survey scans were performed
with a pass energy of 150 eV and a step size of 1 eV; high-resolution scans were executed at
a pass energy of 50 eV with a step size of 0.1 eV, and these narrow scans were repeated for
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a minimum of five cycles to accumulate signals. Charge compensation for binding energy
calibration was achieved using carbon contamination present on the sample surface.

3. Results and Discussion
3.1. Material Analysis
3.1.1. Particle Size Analysis

To investigate NH4
+ adsorption by ultrafine modified lignite, this study utilized a

vertical stirring ball mill to prepare ultrafine lignite, as detailed in Section 2.1. The particle
size distribution for both primary coarse lignite and milled ultrafine lignite was analyzed
using a laser particle size analyzer, and the results are presented in Figure 1.

Figure 1. Particle size distribution graph of lignite samples with varying milling durations. (a) Particle
size distribution of different lignites; (b) cumulative particle size distribution of different lignites;
(c) mean particle size of different lignites.

As can be seen in Figure 1, the native lignite had an average particle diameter of
117.731 µm. After 30 min of milling, this diameter was reduced to 9.570 µm, and after
50 min, it was further reduced to 4.844 µm. Milling for 30 and 50 min produced ultrafine
lignite, with the latter duration resulting in the smallest average particle diameter. Future
research will explore the adsorption capabilities and mechanisms of NH4

+ in the three
different lignite samples.

3.1.2. BET Analysis

The nitrogen adsorption/desorption isotherms for lignite milled for varying times
are displayed in Figure 2. According to the Brunauer–Deming–Deming–Teller classifica-
tion [36], all samples showed Type II adsorption isotherms with clear hysteresis loops.
Hysteresis loops emerging above a relative pressure (P/P0) of 0.5 generally signal capillary
condensation in pores. The H3-type hysteresis loops in all samples indicated a complex pore
structure in the lignite, including slit-like pores, platelet-like fissures, and wedge-shaped
voids [37]. The vague hysteresis loops in pre- and post-milled lignite suggested that many
pores were semi-open with limited connectivity [38]. Additionally, it was observed from
the results shown in Figure 2 that finer lignite particles corresponded to higher nitrogen
adsorption capacity.

Assessing microporosity is crucial for evaluating adsorption capacity. In this study,
CO2 adsorption was used to determine the effect of milling time on lignite’s micropore
volume distribution and specific surface area. As shown in Figures 3 and 4, the CO2
adsorption curves for all samples showed similar patterns with three peaks, indicating
micropore sizes between 0.35 and 1.1 nm. The data suggest that smaller lignite particles
adsorb more CO2, accompanied by a shift in micropore sizes. For example, micropore
peaks after 50 min of milling are at 0.472, 0.59, and 0.804 nm; after 30 min, at 0.507, 0.577,
and 0.821 nm; and for primary lignite, at 0.542, 0.699, and 0.804 nm. Longer milling times
have been associated with a gradual decrease in micropore size.
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Figure 2. N2 adsorption isotherms for three types of lignite: (a) Lignite-0 min; (b) Lignite-30 min;
(c) Lignite-50 min.

Figure 3. Isotherms of CO2 gas adsorption for three types of lignite.

Figure 4. Micropore distribution curves of three lignite samples.

The specific surface area and pore characteristics of three lignite samples were calcu-
lated based on nitrogen adsorption, as indicated in Table 2. With the increase in milling
time, the BET specific surface area of lignite showed an increasing trend. Specifically,
the BET specific surface area of the primary lignite was 2.6624 m2/g, and it increased
to 6.1744 m2/g after 30 min of milling and reached the maximum of 8.1589 m2/g after
50 min. During the initial milling phase (0–30 min), the BET specific surface area increased
by 3.512 m2/g. In contrast, the latter phase (30–50 min) saw a more modest increase of
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1.9845 m2/g. This indicates that a significant development of new pores occurred in the
early stages of milling, accompanied by a rapid destruction of the original large pores, lead-
ing to a substantial increase in specific surface area. However, the increase in the specific
surface area slowed down in the later stages of milling, with fewer pore structure changes,
which was consistent with the particle size reduction observed. The total pore volume
and mesopore volume displayed similar trends. Table 2 lists the specific surface areas
and micropore volumes derived from CO2 adsorption data. The pore volumes increased
with milling time: Lignite-50 min showed a pore volume of 0.0216 cm3/g, Lignite-30 min
showed 0.0186 cm3/g, and Lignite-0 min showed 0.0104 cm3/g. This implied that finer
particles contained more and smaller micropores. This was primarily due to the continuous
collisions between ceramic balls and coal powder in the vertical stirring mill, which not
only reduced the size of the coal powder but also led to the development of new micropores.
Moreover, the original large pores in the coal powder underwent severe collapse and were
progressively transformed into mesopores and micropores. Furthermore, as particle size
gradually decreased, the particles of coal powder exhibited a trend towards more dense
agglomeration due to increased cohesive forces. This agglomeration destroyed the original
large pores and formed aggregates with new pores (mesopores and micropores) in between,
leading to a gradual reduction in the content of large pores and a progressive increase in
the content of mesopores and micropores [37]. This further contributed to a rapid increase
in the specific surface area of the coal powder after milling. The aforementioned results
indicated that upon milling, the particle size of lignite decreased, micropores further devel-
oped, and the specific surface area enlarged accordingly. This provided a greater number
of adsorption sites for NH4

+, suggesting substantial potential for the adsorption of NH4
+

within the lignite structure.

Table 2. Specific surface area and pore volume of three lignite samples.

Sample

Nitrogen Adsorption Carbon Dioxide Adsorption

BET
Surface Area

(m2/g)

Pore Volume
(cm3/g)

Mesopore Volume
(cm3/g)

Surface Area
(m2/g)

Micropore
Volume
(cm3/g)

Lignite-0 min 2.6624 0.0134 0.0028 59.469 0.0104
Lignite-30 min 6.1744 0.0241 0.0080 96.552 0.0186
Lignite-50 min 8.1589 0.0418 0.0131 103.004 0.0216

3.1.3. SEM Analysis

SEM was employed to analyze the microstructure of lignite samples with different
milling times, including their pre- and post-adsorption states. As shown in Figure 5, there
was a clear trend of reduced particle size distribution corresponding to increased milling
duration. Milling caused friction-induced surface pore collapse and the formation of narrow
slit-like, flaky, and wedge-shaped pores, thereby enlarging the specific surface area of lignite.
The SEM images revealed that primary lignite possessed a relatively smooth surface with
large slit-like pores. As milling time increased, the lignite surface became more pitted
and porous, with an increase in mesopores and micropores. A comparison of Figure 5b,c
reveals that lignite milled for 30 min showed more slit-like pores and mesopores, whereas
lignite milled for 50 min displayed numerous micropores. This aligned with the pore size
distribution findings, indicating that milled lignite offered increased NH4

+ adsorption sites,
especially after 50 min of milling.
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Figure 5. Microstructural images of three types of lignite: (a) Lignite-0 min; (b) Lignite-30 min;
(c) Lignite-50 min.

3.2. Adsorption Experiment
3.2.1. Isothermal Adsorption Experiments

The adsorption characteristics of lignite samples milled for varying durations were
analyzed in the presence of different initial concentrations of NH4

+. It was observed that as
the concentration of NH4

+ increased, the unit amount of NH4
+ adsorption by lignite after

reaching equilibrium also increased. Notably, when the initial concentration of the NH4
+

solution was less than 0.54 mol/L, there was a pronounced upward trend in the adsorption
capacity of lignite with an increase in concentration. However, as the initial concentration
of the NH4

+ solution exceeded 0.54 mol/L, the ascent in lignite’s adsorption capacity curve
began to slow down. This suggested that there was a concentration threshold at which
the adsorption sites of lignite became increasingly saturated, leading to a diminishing rate
of adsorption with a further increase in NH4

+ concentration. Upon reaching an initial
concentration greater than 4 mol/L, the adsorption curves for both primary lignite and
lignite milled for 30 min eventually plateaued, indicating that the adsorption capacity
approached saturation. For lignite milled for 50 min, the adsorption capacity neared its
maximum value only after the NH4

+ initial concentration surpassed 6.6 mol/L. Ultimately,
the adsorption capacity of primary lignite was approximately 151.5 mg/g, while lignite
milled for 30 min exhibited an adsorption capacity of 219 mg/g. The lignite sample milled
for 50 min demonstrated a significantly higher adsorption capacity of 550 mg/g, indicating
that it had the greatest NH4

+ adsorption capacity. Moreover, it reached adsorption equilib-
rium at an initial concentration of 6.6 mol/L. This result suggested that increased milling
time enhanced the ability of lignite to adsorb NH4

+, which is likely due to an increase in
surface area and active sites available for ion exchange.

Both Langmuir and Freundlich adsorption isotherm models were applied to fit the
experimental data to investigate the adsorption behavior of NH4

+ on three different lignite
materials. As can be seen in Table 3 and Figure 6, following the regression analysis, the
Langmuir isotherm provided the best fit, with correlation coefficients R2 reaching 0.958,
0.992, and 0.975, respectively. In comparison, the correlation coefficients for the Freundlich
model were only 0.904, 0.942, and 0.954. Therefore, NH4

+ adsorption on the tested lignite
materials was more accurately represented by the Langmuir isotherm, implying that the
adsorption occurred on a surface with uniformly distributed adsorption sites and that
each adsorbate molecule had equal access to all sites. This indicated that both the raw
and milled lignite followed a monolayer adsorption process for NH4

+, with no interaction
between the adsorbed species on the lignite surface and one adsorbate occupying a single
adsorption site [39]. According to the Langmuir fitting results, the theoretical maximum
adsorption capacity of primary lignite for NH4

+ was 203.795 mg/g, while that of lignite
milled for 30 min reached 250.072 mg/g. The lignite milled for 50 min exhibited the highest
theoretical adsorption capacity of up to 860.503 mg/g, which was 4.22 times and 3.44 times
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the capacity of raw lignite and lignite milled for 30 min, respectively. The Freundlich model
fitting parameter value of 1/n is an indicator of the heterogeneity of the adsorbent surface.
Fitting parameters in the range of 0 < 1/n < 1 suggested that adsorption of NH4

+ on both
raw and milled lignite was likely to occur readily.

Table 3. Fitting parameters for NH4
+ adsorption isotherms of lignite at different milling times.

Biochar Langmuir Model Freundlich Model

qm kl R2 Kf 1/n R2

Lignite-0 min 203.795 0.526 0.958 66.665 0.469 0.904
Lignite-30 min 250.072 1.247 0.992 118.605 0.552 0.942
Lignite-50 min 860.503 0.264 0.975 171.375 0.618 0.954

Figure 6. Adsorption isotherms of lignite for NH4
+ at different milling times: (a) Lignite-0 min;

(b) Lignite-30 min; (c) Lignite-50 min.

3.2.2. Adsorption Kinetics Experiments

The influence of varying adsorption durations on the adsorption of NH4
+ was an-

alyzed. As depicted in Figure 7, both the primary lignite and lignite milled for 30 min
reached adsorption equilibrium within 180 min, with the adsorption capacity surpassing
95% of the level at 240 min. The lignite milled for 50 min neared equilibrium at about
240 min, achieving over 95% of its adsorption capacity by 360 min. Moreover, upon reach-
ing equilibrium, the lignite milled for 50 min exhibited the greatest adsorption capacity,
while the primary lignite had the least. The variation in adsorption rates can be ascribed
to the differences in the physicochemical properties of lignite due to the milling duration.
The adsorption of NH4

+ by all lignite samples exhibited a rapid increase in the initial rate,
followed by a deceleration as adsorption approached saturation.

Figure 7. Adsorption kinetics curves of lignite for NH4
+ at different milling times: (a) Lignite-0 min;

(b) Lignite-30 min; (c) Lignite-50 min.

The fitting parameters and curves for the pseudo-first-order and pseudo-second-
order models are presented in Table 4 and Figure 7, respectively. For a good fitting,
performance is commonly characterized by R2 or Adj. R2 larger than 0.80 [40–42]. The
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fitting parameter R-squared values were all greater than 0.9, indicating that both the pseudo-
first-order and pseudo-second-order kinetic equations can adequately describe the NH4

+

adsorption process for lignite of different particle sizes. However, overall, the pseudo-
second-order model exhibits a greater degree of fit than the pseudo-first-order model.
R2(0.985~0.993) > R2(0.975~0.991). Furthermore, the equilibrium adsorption capacities
derived from the pseudo-second-order kinetic model were closer to the experimentally
measured values, suggesting that this model had a higher degree of correlation. Based on
the parameters of the pseudo-second-order kinetic model, specifically the rate constant k2,
lignite milled for 30 min exhibited the fastest adsorption rate for NH4

+. Conversely, lignite
milled for 50 min showed a slower adsorption rate, yet it achieved the greatest adsorption
capacity. According to BET analysis, lignite milled for 30 min possessed a smaller specific
surface area and fewer pore structures compared to that milled for 50 min, which also
possessed a lesser volume of micropores. Consequently, while the adsorption rate was
faster for the lignite milled for 30 min, its total adsorption capacity was less than that of
the lignite milled for 50 min. The increase in milling time to 50 min resulted in a larger
specific surface area, a significant increase in pore structures, and a substantial increase in
micropore volume. For porous adsorbents, smaller pore sizes are correlated with slower
diffusion rates into the pores, which extends the time to reach adsorption equilibrium.
Thus, the lignite milled for 50 min not only had a larger adsorption capacity than the other
samples but also exhibited a slower adsorption rate, leading to a longer time to achieve
adsorption equilibrium.

Table 4. Fitting parameters for NH4
+ adsorption kinetics curves of lignite at different milling times.

Biochar Pseudo-First-Order
Kinetic Model

Pseudo-Second-Order
Kinetic Model

k1 qe R2 k2 qe R2

Lignite-0 min 0.026 149.824 0.978 0.00021 165.569 0.986
Lignite-30 min 0.027 219.966 0.975 0.00023 243.752 0.985
Lignite-50 min 0.0135 498.545 0.991 0.00003 584.777 0.993

3.2.3. Influence of pH on Adsorption and Zeta Potential

The solution pH is a critical factor influencing the speciation of NH4
+ and the surface

potential of lignite; hence, an analysis was conducted on the adsorption of NH4
+ on the

surface of lignite at different pH values, with initial pH values of 5.04, 4.72, and 4.63.
According to Figure 8, the adsorption capacity of three types of lignite for NH4

+ showed
an increasing trend when the pH value ranged from 3.0 to 7.0, with a decrease observed
at pH 8. This behavior can be explained by the reduced electronegativity of the lignite
surface in acidic conditions, which led to a decreased number of active sites available
for NH4

+ adsorption. Concurrently, H+ ions competed with NH4
+ for adsorption sites

on the lignite surface, thereby inhibiting NH4
+ adsorption. As the pH increased, the

negative charge on the lignite surface increased due to the enhanced ionization of -OH
and -COOH groups. With a concurrent reduction in the H+ concentration of the solution,
the competition for adsorption sites weakened, thus favoring the adsorption of NH4

+

onto lignite. In an alkaline environment, the interaction between NH4
+ and OH− in

the solution resulted in the formation of NH3·H2O [43], which may interfere with the
actual adsorption of NH4

+ onto lignite, leading to an apparent increase in adsorption.
Additionally, under alkaline conditions, the organic matter within lignite may decompose,
resulting in a decreased adsorption capacity. As illustrated in Figure 8, at a pH of 3,
the adsorption capacity of lignite for NH4

+ was at its lowest, with values of 33.5 mg/g,
50.5 mg/g, and 67.5 mg/g, respectively. With an increase in pH, the adsorption capacity
for NH4

+ rapidly increased, reaching a maximum at pH 7.0 with values of 151.5 mg/g,
219.0 mg/g, and 488.0 mg/g, respectively. A comprehensive analysis revealed a strong
correlation between the adsorption capacity for NH4

+ and the zeta potential of lignite.
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Figure 9 presents the zeta potential profiles of lignite at varying pH levels. As the pH
increased, the zeta potential of lignite samples subjected to three different milling durations
initially decreased and then stabilized. The potential reached its minimum value at pH = 8,
indicative of the strongest negative charge. This trend can be attributed to the suppression
of ionization of -OH and -COOH groups on the lignite surface under acidic conditions,
while the abundance of H+ ions in the solution neutralized the surface negative charges,
resulting in reduced surface electronegativity [43]. Moreover, NH4

+ being a cation created
an unfavorable environment for its adsorption onto the lignite surface. As the pH rose,
increased ionization of -OH and -COOH groups led to increased negative charge on the
lignite surface, coupled with a decreased concentration of H+ ions in the solution, which
in turn lowered the potential. Additionally, with the prolongation of milling time, the
particle size of lignite became finer, exposing more surface area and increasing the number
of negatively charged oxygen-containing functional groups. The lignite milled for 50 min
exhibited the highest electronegativity, consistent with the results displayed in Figure 9.

Figure 9. Zeta potential of three types of lignite at different pH levels.

3.3. Adsorption Mechanism
3.3.1. FTIR Analysis

Infrared spectroscopy analysis was performed on lignite samples subjected to varying
milling durations as well as samples after ammonium ion adsorption. The results are
depicted in Figure 10. The region between 3000 and 3500 cm−1 is characteristic of the
stretching vibrations of -OH bonds. The area ranging from 1500 to 1750 cm−1 corresponds
to the stretching vibrations of symmetric C-H bonds, while the band from 1500 to 1400 cm−1

is indicative of carboxyl group stretching vibrations. The spectral range from 1200 to
1000 cm−1 is associated with the stretching vibrations of carbonyl C-O groups. As shown
in Figure 10a, the peaks for -OH functional groups in lignite were reduced after milling,
whereas the peaks corresponding to carbon-containing functional groups such as C-H, -
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COOH, and C-O became sharper post-milling, with the effect being particularly pronounced
at a milling duration of 50 min. The observed changes in the FTIR spectra can be attributed
to the oxygen-containing functional groups present in lignite. Upon milling, the particle
size of lignite decreased, leading to an increase in specific surface area and the exposure
of more fresh carbonaceous surfaces. This resulted in an enhancement of the C-H-related
absorption features, while the relative content of the -OH groups diminished. It is well
established that prolonged milling durations are correlated with an increase in fresh surface
areas and, consequently, a higher degree of oxidation. Therefore, comparing the spectrum
after 50 min of milling to that at 30 min, there was a notable increase in the carbonyl
functional groups.

Figure 10. Results from FTIR tests: (a) FTIR of lignite milled for different durations; (b) FTIR of lignite
milled for different durations after adsorption of NH4

+.

The infrared spectra of lignite milled for different durations after ammonium adsorp-
tion, depicted in Figure 10b, exhibited peaks in the 3200−3500 cm−1 region, characteristic
of the asymmetric stretching vibrations of NH bonds present in the adsorbed NH4

+ on the
lignite surface [43]. The absorption features associated with NH groups on the surface were
significantly enhanced, while those related to C-H groups were correspondingly dimin-
ished. Additionally, there was a discernible increase in the -COO group peaks compared to
Figure 10a. The likely explanation for these spectral changes is the electrostatic attraction
between NH4

+ possessing a positive charge and the coal surface carrying a negative charge,
which facilitated the adsorption of NH4

+ onto the coal surface. This adsorption masked
the original C-H surface, leading to an intensified peak associated with NH groups and a
relative weakening of the C-H absorption features. The -COOH functional groups on the
surface of coal were prone to substitution by NH4

+, resulting in the formation of COONH4,
which was subsequently retained within the solid matrix. The strong polarity of NH4

+

enhanced the absorption peak of the -COO group due to its strong polar interactions. In
contrast, the functional groups associated with C-O did not exhibit significant changes in
the spectra compared to Figure 10a, which solely represents the effect of milling duration.
This suggested that although there was an apparent enhancement of the functional groups
after 30 and 50 min of milling, as shown in Figure 10b, relative to the unadsorbed original
sample, these changes were primarily due to alterations in functional groups caused by the
milling process itself, rather than a direct association with NH4

+ adsorption.
Overall, this study demonstrated that physical milling enhanced the adsorption capac-

ity for NH4
+ by increasing the specific surface area and the availability of active adsorption

sites. This effect was more pronounced than that achieved through chemical modification
with agents intended to augment adsorption capacities [44].

3.3.2. XPS Analysis

XPS analyses of lignite samples before and after milling, as well as before and after
adsorption, were conducted to elucidate the adsorption mechanism. The variations in
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carbon (C), oxygen (O), and nitrogen (N) contents across the samples are presented in
Figure 11. In comparison to the primary lignite, the proportion of carbon in the milled
samples increased, while the proportion of oxygen demonstrated a decreasing trend; the
content of nitrogen remained relatively unchanged. Moreover, the finer the particle size,
the more pronounced were these changes. This can be primarily attributed to the reduction
in particle size following milling, which led to an increase in specific surface area and
consequently exposed more fresh carbonaceous surfaces on the lignite, resulting in an
enhanced overall carbon ratio and decreased relative content of oxygen. Lignite inherently
contains a low concentration of nitrogen, and the milling process is unlikely to expose new
nitrogen-containing functional groups. Hence, minimal change was observed. After the
adsorption of NH4

+, the relative content of nitrogen in the lignite samples increased, with
the most significant increase noted in the sample milled for 50 min. This increment was
attributed to the primary adsorption mechanism of NH4

+, namely electrostatic attraction
to the lignite surface, leading to the coverage of the original carbonaceous surface. The
increase in nitrogen content resulted in a corresponding decrease in the percentage of carbon.
Oxygen-containing functional groups, such as carboxyl groups, are prone to complexation
reactions with NH4

+ and are inherently exposed on the coal surface. Moreover, with
prolonged milling time, oxidation is enhanced. Consequently, after the adsorption of NH4

+,
the relative content of oxygen was increased compared to that before adsorption.
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To further clarify the specific adsorption mechanism of NH4
+ before and after milling,

peak fitting was performed on the C 1s and N 1s spectra of the overall survey, and a
correction for carbon contamination was applied. The analytical results are depicted in
Figures 12 and 13 and Tables 5 and 6. Based on these results, the C 1s spectrum was
categorized into four distinct peaks: C-C/C-H (284.8 eV), C-O (286.3 eV), C-N (285.7 eV),
and O=C-O (289.1 eV) [45]. Concurrently, the N1s spectrum was deconvoluted into three
peaks, encompassing pyridinic nitrogen (N-6, 398.8 eV), pyrrolic nitrogen (N-5, 400.2 eV),
and quaternary nitrogen (N-Q, 401.4 eV) [35,46]. The relative contents of these functional
groups were quantified based on the area of each peak, as listed in Tables 5 and 6. With
an increase in milling time, a decreasing trend in the content of C-C was observed, with a
reduction of 7.41% from primary lignite to the sample milled for 50 min. Correspondingly,
the relative content of oxygen-containing functional groups increased. This may be due
to the ultrafine milling process, where the degree of oxidation of the fresh surfaces also
intensified with the extension of milling time. Additionally, the increase in small micropores
due to the reduced particle size likely contributed to enhanced adsorption. During the
milling process, C-H bonds are the most reactive sites, reacting with oxygen adsorbed in
the micropores and from the air, leading to the partial fixation of oxygen. As previously
mentioned, the smaller the particle size, the greater the specific surface area and the more
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developed the microporous structure, resulting in a higher degree of oxygen fixation.
These two factors contributed to the enhancement of oxygen-containing functional groups.
Moreover, the hydrogen in -COOH functional groups present on the coal surface was
readily replaced by NH4

+ to form COONH4. This polar substitution attracted more -COO
groups hidden within the coal molecules to the surface, resulting in an increase in -COO
content on the coal sample surface post-adsorption. In the lignite samples subjected to
30 min and 50 min of milling, a decrease in the content of C-O bonds was observed after the
adsorption of NH4

+, which may be attributed to the formation of hydrogen bonds between
the H atoms of NH4

+ and the O atoms. Milling alone did not significantly affect the C-N
bonds; however, after the coal samples adsorbed NH4

+, the content of C-N increased.
NH4

+ carries a positive charge, while the coal surface exhibits negative charges (induced
by groups such as -OH and -COOH). The electrostatic attraction between them resulted
in the coverage of negatively charged functional groups and, consequently, a substantial
increase in the proportion of C-N bonds. Furthermore, as the particle size decreased, the
negative charge intensified, enhancing the adsorption of NH4

+. Therefore, the increase
in C-N content was most pronounced in the lignite milled for 50 min (from 11.18% to
28.38%), while the smallest increase was observed in the primary sample (only 3.37%).
These overall results were in agreement with those obtained from FTIR analysis. Table 6
presents the contents of pyridinic (N-6), pyrrolic (N-5), and quaternary nitrogen (N-Q)
on the surface of different coal samples. After the adsorption of NH4

+, the content of
quaternary nitrogen in the three lignite samples increased by 6.69%, 23.07%, and 36.87%,
respectively. For the primary lignite sample, the relative content of pyridinic nitrogen
remained essentially unchanged post-adsorption, while the content of pyrrolic nitrogen
decreased. For the sample milled for 30 min, there was a decrease in the relative content of
pyridinic nitrogen after adsorption. For the sample milled for 50 min, curve fitting results
post-adsorption indicated reductions in both pyridinic and pyrrolic nitrogen contents.
These results demonstrated that ultrafine lignite exhibited a stronger adsorption capacity
for NH4

+ and that finer particle sizes were correlated with greater adsorption quantities.

Figure 12. Deconvolution results of C1s peaks for three types of lignite before and after adsorption:
(a) Lignite-0 min; (b) Lignite-30 min; (c) Lignite-50 min; (d) Lignite-0 min/NH4

+; (e) Lignite-30
min/NH4

+; (f) Lignite-50 min/NH4
+.
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Figure 13. Deconvolution results of N1s peaks for three types of lignite before and after adsorption:
(a) Lignite-0 min; (b) Lignite-30 min; (c) Lignite-50 min; (d) Lignite-0 min/NH4

+; (e) Lignite-30
min/NH4

+; (f) Lignite-50 min/NH4
+.

Table 5. Content of different forms of carbon in the samples.

Sample
Carbon Form Contents (%)

C-C/C-H C-N C-O COOH

Lignite-0 min 66.23% 9.93% 13.91% 9.93%
Lignite-0 min/NH4

+ 58.18% 13.30% 16.28% 12.21%
Lignite-30 min 61.73% 11.11% 15.43% 11.73%

Lignite-30 min/NH4
+ 44.64% 24.55% 15.18% 15.63%

Lignite-50 min 58.82% 11.18% 18.24% 11.76%
Lignite-50 min/NH4

+ 43.67% 28.38% 14.85% 13.10%

Table 6. Content of different forms of nitrogen in the samples.

Sample
Nitrogen Form Contents (%)

N-6 N-5 N-Q

Lignite-0 min 31.59% 21.22% 47.19%
Lignite-0 min/NH4

+ 32.76% 13.36% 53.88%
Lignite-30 min 49.73% 12.30% 37.98%

Lignite-30 min/NH4
+ 26.29% 12.66% 61.05%

Lignite-50 min 51.53% 20.75% 27.73%
Lignite-50 min/NH4

+ 21.85% 13.55% 64.60%

4. Conclusions

In this study, the ammonium nitrogen adsorption capacity of lignite was evaluated
after ultrafine grinding with varying milling durations. The adsorption mechanism was
also investigated. The main conclusions are as follows:

(1) In the vertical stirring mill, the continuous collisions of zirconia balls with coal powder
reduced particle size, created new micropores, and caused a significant collapse of
existing macropores into mesopores and micropores. Following the milling process,
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a decrease in particle size is noted, leading to stronger cohesive forces between coal
dust particles and resulting in denser agglomerates. This increased particle adhesion
creates new porosity, including both mesopores and micropores. The increase in
mesopores and micropores provides more adsorption sites, which improves the
capacity to adsorb NH4

+.
(2) Adsorption capacity tests revealed that lignite milled for 50 min exhibited monolayer

adsorption. For lignite milled for 50 min, both the adsorption rate and the time to
reach equilibrium were slower compared to shorter milling times. Decreased pore
size led to slower diffusion into pores, extending the time to achieve adsorption
equilibrium, which resulted in higher adsorption capacity for lignite milled for 50 min
compared to shorter milling times.

(3) Prolonged milling time led to the exposure of more oxygen-containing functional
groups, and samples milled for 50 min showed the highest electronegativity. With
an increase in pH, the zeta potential of lignite decreased due to greater ionization
of -OH and -COOH groups. Simultaneously, as H+ concentration in the solution
decreased, competition for adsorption sites with NH4

+ lessened, thus enhancing
NH4

+ adsorption onto the lignite.
(4) FTIR and XPS analyses indicated that the -COOH functional groups on the coal surface

readily underwent substitution by NH4
+, forming COONH4. This polar substitution

induced the exposure of more -COO groups on the surface, which were previously
hidden within the coal’s molecular structure. Additionally, the hydrogen atoms in
NH4

+ likely formed adsorptive bonds with the oxygen atoms in C-O due to hydrogen
bonding. Furthermore, a portion of NH4

+ was also adsorbed onto the coal surface
through electrostatic attraction. These three mechanisms collectively contributed to
the increased adsorption capacity.

Overall, the enhancement of specific surface area and the augmentation of active
adsorption sites through physical grinding were observed to increase the adsorption
capacity for NH4

+. This effect was more pronounced compared to the enhancement of
adsorption capacity achieved through chemical modification with reagents. Benefiting from
these characteristics, ultrafine lignite processed by grinding shows promise as a potential
high-quality adsorbent material capable of effectively removing ammoniacal nitrogen from
wastewater.
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