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Abstract: The huge annual output of coal fly ash is harmful to the environment, but it is widely
used because of its good adsorption potential. In this study, using coal fly ash as a raw material
and sodium hydroxide as an activator, a novel adsorbent was synthesized at 300 ◦C and used
to adsorb low concentrations of ammonia nitrogen from water. In this study, scanning electron
microscopy, X-ray diffraction analysis, Fourier transform infrared spectroscopy, energy dispersive
X-ray spectroscopy, and a surface area and porosity analyzer were used to analyze the adsorbent’s
physicochemical properties. The results showed that after alkali modification, the activity of the
adsorbent had greatly enhanced. The impacts of solution pH, adsorbent dosage, adsorption time, and
initial concentration of ammonia nitrogen on the adsorption capacity and removal efficiency were
evaluated through a series of adsorption experiments. Moreover, the adsorption data were better
fitted to the pseudo-second-order kinetic model and Langmuir model, indicating that the adsorption
process was mainly chemical adsorption and monolayer uniform adsorption. As a result, the new
adsorbent is inexpensive and effective, and it could be used to remove low-concentration ammonia
nitrogen from water with a maximum removal efficiency of approximately 89%.

Keywords: water; ammonia nitrogen; adsorption; coal fly ash; alkali modification; characteriza-
tion; mechanism

1. Introduction

Ammonia nitrogen exists in two forms in water, one is ionized ammonia (NH4
+) and

the other is non-ionized ammonia (NH3) [1]. Water eutrophication may result from a high
level of ammonia nitrogen, and the oxidation of ammonia nitrogen lowers the amount
of dissolved oxygen in water, causing the water body to become black and smelly, and
the water quality to deteriorate [2]. The remediation of ammonia nitrogen pollution in
water has always been a promising research area in environmental engineering. Ammonia
nitrogen concentration in water can be decreased in a variety of ways, including air strip-
ping [3], biological nitrification–denitrification [4], chemical precipitation [5], breakpoint
chlorination [6], membrane technology [7], electrochemical oxidation [8], ion exchange, and
adsorption methods [9]. Among them, the adsorption approach is the most popular, since
the reaction process is uncomplicated, steady, and manageable, and the selected adsorbent
can be cheap, renewable, and reusable [10].

Common adsorbents for the remediation of wastewater contaminated by ammonia
nitrogen include clay minerals, zeolite minerals, and biological adsorbents. As a cation
exchanger [11], zeolite has an abundant pore structure and strong adsorption capacity,
and it is widely used to remove heavy metal ions and ammonia nitrogen [12,13]. As a
kind of industrial solid waste, Coal fly ash (CFA) can form various crystal forms of zeolite
after modification, which has attracted more and more attention. As much as 750 million
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tons of CFA are created annually worldwide from the burning of coal [14,15]. CFA has
been widely used as an alternative to traditional adsorbents due to its large quantity, low
cost, easy biodegradability, and characteristic structural (including porosity, bulk density,
and surface) properties [16,17]. However, the dense glassy structure produces a protective
layer on the exterior of CFA, which inhibits the potential chemical activity and adsorption
capacity of CFA; therefore, it is necessary to modify and activate CFA in order to boost
its adsorption capacity [18]. CFA can be synthesized into various crystalline zeolites
through different modification techniques [19], and the modified CFA can be used to treat
volatile organic matter, heavy metal ions, ammonia nitrogen, and phosphorus [20,21].
Hydrothermal synthesis, melting, supercritical treatment and some other processes are
the ways to achieve CFA activation. When the CFA is modified and activated as a strong
adsorbent to treat ammonia nitrogen in wastewater, it allows for the treatment of waste
with waste and the utilization of waste resources.

The reduction of ammonia nitrogen pollution in bodies of water has long been a
focus of scientific inquiry. Various modifications have been made to naturally porous
minerals, such as zeolite and montmorillonite [22–24], to increase their effectiveness in
adsorbing ammonia nitrogen. The novel zeolitization ceramsite from industrial wastes was
synthesized by a green process of high temperature sintering activation and hydrothermal
reaction; its specific surface area was increased from 1.259 m2/g to 17.92 m2/g, and its
maximum adsorption capacity of ammonia nitrogen reached 19.9 mg/g [25]. Synthetic
manganese oxides prepared from the redox reaction between KMnO4 and MnSO4 were
used to remove ammonia nitrogen from aqueous solutions, and it was found that the
highest adsorption capacity would occur at pH = 6, and the removal efficiency reached
87.9% [26]. Durian biomass fiber modified with Cu-Al bimetallic oxide (Cu-Al/DBF)
was synthesized by a hydrothermal reaction, and its maximum adsorption capacity for
ammonia nitrogen was 18.04 mg/g [27]. Cheng’s group [14,28] studied the adsorption
efficiency of CFA modified with different structures on the experimentally simulated
ammonia nitrogen wastewater with different concentrations. Bentonite was modified by
aluminum cross-linking and tannin double modification; its adsorption capacity for the
simulated high-concentration ammonia nitrogen was 5.85 mg/g, and its ammonia nitrogen
adsorption process was found to be similar to that of modified CFA [29]. The adsorbent for
ammonia nitrogen is numerous; however, the current focus of research into this material’s
adsorption is on high-concentration ammonia nitrogen pollution, with little attention paid
to the issue of relatively low-concentration (about 10 mg/L) ammonia nitrogen pollution.

In this article, CFA was used as a raw material and sodium hydroxide (NaOH) was
used as an activator. Through low temperature roasting modification, a new type of
modified adsorbent was obtained to address the issue of low-concentration ammonia
nitrogen pollution in water. The techniques of scanning electron microscope (SEM), energy
dispersive X-ray spectroscopy (EDS), surface area and porosity analyzer (BET), X-ray
diffraction analysis (XRD), and Fourier transform infrared spectroscopy (FT-IR) were
introduced to characterize the chemical and physical performance of the samples. A series
of ammonia nitrogen adsorption simulation experiments were carried out and the impacts
of different initial concentrations, adsorbent dosages, adsorption time and solution pH
on equilibrium adsorption capacity and adsorption efficiency were analyzed, and the
adsorption mechanism was also studied.

2. Materials and Method

The schematic diagram of the NaOH-CFA preparation, performance characterization,
and adsorption analysis is shown in Figure 1.
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Figure 1. Scheme of NaOH-CFA preparation, performance characterization, and adsorption analysis.

2.1. Experiment Materials and Instruments

The CFA used in this experiment came from a coal-fired power station in Jilin City.
Its main components were SiO2 (52.00 wt%), Al2O3 (24.60 wt%), Fe2O3 (3.74 wt%), CaO
(3.08 wt%), MgO (0.53 wt%), and Na2O (0.41 wt%).

NaOH, ammonium chloride, (NH4Cl) and other reagents were of analytical grade.
Hydrochloric acid (HCl) and absolute ethanol were both of confirmed analytical grade. The
water used in the experiment was ultrapure deionized water. The national standard am-
monia nitrogen solution (GSB04-2832-2011) was 1000 mg/L, and its solvent was ultrapure
deionized water.

Using a planetary ball mill (QM-3SP4, Laibu, Nanjing, China), samples were ground
into powder before being quantified by an electronic balance (ATY124, Shimadzu, Kyoto,
Japan). The sample processing stage involved the use of the following equipment: the multi-
head magnetic stirrer (HJ-6, Jiangnan, Jintan, China), cyclotron oscillator (HY-8A, Jingda,
Jintan, China), muffle furnace (KBF1400, Laibu, Nanjing, China), pH meter (PHBJ-260, Leici,
Shanghai, China), and centrifuge (TDL-5A, Anting, Shanghai, China). A fully automatic
flow injection analyzer (FIA-6000+, Jitian, Beijing, China) was used to measure the ammonia
nitrogen concentration. The surface structure, chemical element, main mineral composition,
chemical bonding, and specific surface area of the sample were characterized by field
emission SEM (JSM-7900F, JEOL, Kyoto, Japan), EDS (EDX6000B, Skyray, Kunshan, China),
polycrystalline XRD (XD6, Persee, Beijing, China), FT-IR (Nicolet iS10, Thermo Scientific,
Waltham, MA, USA), and BET (ASAP2020HD88, Mike, Norcross, GA, USA), respectively.

2.2. Preparation of Modified CFA

A 10% (w/v) mixture of CFA and ultrapure deionized water were combined uniformly
in a beaker at 25 ◦C, and the combined solution was uniformly stirred in a magnetic stirrer
at 120 rpm for 24 h. The precipitate was obtained by centrifuging the resulting mixture
at 9000 rpm for 30 min, washed 3 times with absolute ethanol, and thoroughly cleaned
numerous times with ultrapure deionized water. The obtained CFA was dried at 65 ◦C
for 6 h, filtered through a 0.25 mm standard sieve, and preserved in the desiccator. The
resulting CFA was referred to as water-washed CFA for short.
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Water-washed CFA and NaOH were coupled in a weight ratio of 1:1; the mixture
was calcined in the muffle furnace at 300 ◦C for 3 h. The roasted sample was cooled,
repeatedly washed with ultrapure deionized water, and mixed for 48 h with a specific
amount of ultrapure deionized water, and then the sample was separated from the liquid.
Finally, a 0.25 mm sieve was used to screen the dried sodium hydroxide-modified CFA
(NaOH-CFA). The comparison images of CFA, water-washed CFA, and NaOH-CFA are
shown in Figure 2. The three materials were all gray powders. The NaOH-CFA was lighter
in color than the water-washed CFA and NaOH-CFA, and its particle size was finer than
the other two materials.
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2.3. Batch Sorption Experiments

A convex flask was filled with 100 mL ammonia nitrogen solution at a specific con-
centration. Its initial pH was then changed using 0.1 mol/L HCl or 0.1 mol/L NaOH
according to the experimental requirements. Then, a specific quantity of NaOH-CFA was
poured into the convex flask, shaken for a specified period of time at 180 rpm while at room
temperature, and percolated through a 0.45 µm membrane; finally, the obtained solution
was diluted into the colorimetric tube for the flow injection analyzer test.

In order to study the impact of pH, it was changed to 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and
12, with 1.0 g of NaOH-CFA dosage, 90 min of adsorption time and 10 mg/L ammonia
nitrogen solution.

To analyze the effect of adsorbent dosage, NaOH-CFA was weighed at 0.1 g, 0.2 g,
0.4 g, 0.8 g, 1.0 g, and 1.5 g with pH 7, 90 min of adsorption time and 10 mg/L ammonia
nitrogen solution.

With pH of 7, 1.0 g of NaOH-CFA dosage, and 10 mg/L ammonia nitrogen solution,
the adsorption kinetics experiment was conducted at the adsorption times of 5 min, 10 min,
20 min, 30 min, 45 min, 60 min, 90 min, 120 min, and 180 min.

A pH of 7, 1.0 g of NaOH-CFA dosage, and 90 min of adsorption time were used to
study the effect of initial ammonia nitrogen concentrations of 5 mg/L, 10 mg/L, 20 mg/L,
30 mg/L, 50 mg/L, and 100 mg/L.

The adsorption capacity Q (mg/g) and removal efficiency R (%) of ammonia nitrogen
were calculated by Equations (1) and (2) [30], respectively.

Q =
C0 − Ct

m
× V

1000
(1)

R =
C0 − Ct

C0
× 100% (2)

where C0 (mg/L) is the initial ammonia nitrogen concentration, Ct (mg/L) is the ammonia
nitrogen concentration at time t (min), V (mL) is the solution volume, and m (g) is the mass
of NaOH-CFA.
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In brief, the batch sorption experiments were conducted by changing the NaOH-CFA
dosage, initial ammonia nitrogen concentration, solution pH, and adsorption time of the
system. The experimental data were analyzed and plotted using analyses of variance and
regression in Excel and Origin. The coefficient of variation was mostly less than 1%. If
the variation in element content exceeded 5%, an identical run would be undertaken and
closer data points would be used. All mean values were the averages of three independent
samples. Blank and parallel controls were set in the experiment.

3. Results and Discussion
3.1. Material Characterization
3.1.1. SEM Analysis

As shown in Figure 3, the structure of CFA and NaOH-CFA is completely different.
CFA had a smooth surface and its main morphology was amorphous aluminosilicate glass
spheres [30], which varied in size from a few microns to 30 microns. The original lattice
of CFA got broken after NaOH and CFA were well-mixed and reacted at 300 ◦C, and its
microstructure changed from a spherical block structure to a porous material structure. The
pores of the NaOH-CFA (Figure 3b) were well developed, which promoted the increase of
specific surface area and the number of ion exchange sites; hence, the adsorption capacity of
the NaOH-CFA improved. In Figure 3c, after the NaOH-CFA adsorbed ammonia nitrogen,
there were still residual pores on its surface, suggesting its excellent adsorption effect.
The ions were exchanged through pores, so the surface morphology did not undergo any
obvious changes.
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3.1.2. EDS Analysis

The chemical elements of CFA and NaOH-CFA before and after ammonia nitrogen
adsorption were measured by EDS, as shown in Figure 4. The main chemical elements of
CFA in Figure 4a were C, O, Si, and Al. In Figure 4b, it can be seen that the major chemical
elements of the NaOH-CFA were the same as CFA, but the peak heights of Al and Si
decreased visibly, and the C content was relatively lower. The rise of the Na peak indicated
that the Na from NaOH was exchanged onto the surface of the NaOH-CFA through
modification. After the NaOH-CFA adsorbed ammonia nitrogen, the peak of N could be
seen in Figure 4c, revealing that ammonia nitrogen was attached to the adsorbent surface.
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Figure 4. Energy spectra of (a) CFA; (b) NaOH-CFA; and (c) NaOH-CFA adsorbing ammonia nitrogen.

3.1.3. BET Analysis

The primary factor impacting the adsorption capacity was the specific surface of the
adsorbent. The hysteresis curves of the CFA and NaOH-CFA in Figure 5 were obtained
using BET. As the relative pressure rose, the hysteresis curve of CFA remained flat, and the
adsorption per unit mass had almost no change, indicating that CFA itself had fewer pores
and a smaller specific surface area [31]. Conversely, the unit mass adsorption of the NaOH-
CFA gradually increased with the increase of relative pressure. As the relative pressure
(P/P0) was lower than 0.4, the curve of the NaOH-CFA was also flat, but when it exceeded
0.4, the curve increased sharply. The N2 desorption occurred more easily in the NaOH-CFA
compared to the CFA, which meant that the NaOH-CFA had relatively lager mesopores.
The specific surface area of CFA was 0.68 m2/g, and after being modified at 300 ◦C with
NaOH, it increased to 20.22 m2/g, which was 30 times more. After NaOH reacted with
SiO2, Al2O3, and other oxides, a dense cavity structure could emerge, increasing the specific
surface area of the NaOH-CFA. As the CFA particles were opened, more active sites were
released, and the crystalline phase in CFA was transformed into an amorphous state.
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3.1.4. XRD Analysis

As shown in Figure 6, the main mineral components of CFA were quartz and mullite
(Al6Si2O13) [32]. After modification, the contents of quartz and mullite were significantly
reduced, and no new minerals were produced. As the main oxides of CFA reacted with
NaOH, the internal structure of CFA was destroyed and a new porous structure was
formed, which was similar to the structure of the crystallized zeolite. This phenomenon
revealed that the spherical block structure of CFA was progressively cracked as a result of
the reaction of Al2O3, SiO2, and other oxides with NaOH in the melting state, resulting in
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the dissolution of active groups from CFA and the retention of only amorphous structures;
this conclusion was consistent with that of SEM.
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3.1.5. FT-IR Analysis

As shown in Figure 7, CFA showed several obvious changes after modification. At
3450 cm−1, the peak intensity was related to –OH stretching vibration, and intermolecular
hydrogen bonds were increased significantly due to the addition of NaOH. At 1650 cm−1,
it represented the bending vibration of H-OH, and it decreased after modification, which
could increase CFA adsorption capacity. The sharp peak of CFA at around 1080 cm−1

was caused by the stretching vibration of SiO4 or AlO4 [33], and that of the NaOH-CFA
decreased obviously since the internal structure was changed during the modification. At
820 cm−1, the stretching vibration from O-Si-O appeared. The peaks at around 460 cm−1

denoted the bending vibration of the Si-O-Si [34].
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To summarize, the physicochemical characteristics of CFA and NaOH-CFA were tested
by various characterization instruments. CFA had a smooth spherical block structure, SiO2
and Al2O3 accounted for a large proportion in the oxide composition, and the main minerals
were quartz and mullite. After modification with NaOH, the surface morphology of CFA
became irregular aggregates of porous structures, and the surface area of the NaOH-CFA
was approximately 30 times greater than that of CFA; furthermore, the main chemical
elements of Al and Si were reduced, the Na element was increased, and the main mineral
components of quartz and mullite were also reduced, but no new mineral phases appeared.
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The stretching vibrations from hydroxyl groups of Si-OH and Al-OH were enhanced. These
indicated that as NaOH reacted with SiO2, Al2O3 and other oxides, Si-O and Al-O bonds of
CFA were destroyed, and sodium ions were exchanged onto the surface of the NaOH-CFA,
which increased its adsorption capacity.

3.2. Adsorption Mechanism of NaOH-CFA on Low-Concentration Ammonia Nitrogen
3.2.1. Impact of pH

During the adsorption experiment of ammonia nitrogen solution (10 mg/L) in Figure 8,
as the pH value adjusted from 2 to 5, the ammonia nitrogen removal efficiency and the
equilibrium adsorption capacity were enhanced, and they both reached maximum values
when the pH was between 6 and 8 [34,35]. As the pH was increased from 8 to 12, the
ability to adsorb ammonia nitrogen began to decrease dramatically. This result could be
explained as follows: when the pH was 2~5, the concentration of H+ was high, and NH4

+

competed with H+ for adsorption sites; when the pH was 6~8, NH4
+ was largely exchanged

as ions on the surface of the adsorbent; when the pH was 9~12, the dissociation reaction of
NH4

+ in the aqueous solution was promoted, and the content of NH4
+ in the solution was

continuously reduced, which weakened the ion exchange capacity of the NaOH-CFA. At
the same time, it could also be explained by the zero electric point [36]. Ammonia nitrogen
was in the cationic valence state in the solution when the pH was below the isoelectric
point. Moreover, the NaOH-CFA surface had lots of positive charges, and the existence
of charge repulsion inhibited the adsorption behavior. As the pH was higher than the
isoelectric point, many negative charges were gathered at the surface of the NaOH-CFA,
and the driving force of charge attraction improved the adsorption behavior, but the too
high pH would promote the dissociation reaction of NH4

+ in the aqueous solution; hence,
pH = 7 was selected for the subsequent experiments.
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3.2.2. Influence of NaOH-CFA Dosage

As shown in Figure 9, as the NaOH-CFA dosage increased, the adsorption capacity
gradually decreased, but the removal efficiency gradually increased, and maintained equi-
librium after the NaOH-CFA dosage reached 1.0 g. As the NaOH-CFA dosage improved,
the equilibrium adsorption capacity reduced, which was related to the superposition or
aggregation of adsorption sites and the further reduction of the adsorbable area. When
the NaOH-CFA dosage was low, the distance between particles was large; hence, there
was more NH4

+ aggregation around each particle to facilitate the effective ion exchange
between the NaOH-CFA and NH4

+; as a result, the increase of the NaOH-CFA dosage
provided more adsorption sites and could therefore increase the removal efficiency and
the number of ion exchange sites [37]. However, when the NaOH-CFA dosage reached
a certain level, its distribution density in solution attained a certain value, the distance
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between particles became smaller, the available adsorption sites decreased, and the effective
ion exchanges between the NaOH-CFA and NH4

+ were lowered, which led to a decrease
in ion exchange capacity. The high concentration of adsorbent created a shielding effect on
the periphery, preventing the combination of the adsorbate and adsorption site, and thus
reducing the adsorption capacity. Therefore, the NaOH-CFA dosage of 1.0 g was chosen for
the subsequent experiments.
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3.2.3. Adsorption Kinetics

It can be seen in Figure 10 that the adsorption capacity of ammonia nitrogen increased
rapidly with time in the first hour, and then gradually reached equilibrium. In the fast
adsorption stage, the adsorption capacity was basically proportional to the time. This was
primarily caused by the fact that the NaOH-CFA had a lot of ion exchange sites at the
beginning of the adsorption period, which made it easy for NH4+ to move quickly to active
vacancies. As the active sites were gradually occupied, the adsorption rate decreased, and
the adsorption capacity reached a stable stage. Finally, the dynamic adsorption equilibrium
was maintained on the NaOH-CFA surface, and the adsorption kinetic curve became a
straight line, indicating that the adsorption capacity reached the maximum value.
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Figure 10. Kinetic fitting of NaOH-CFA on ammonia nitrogen adsorption.

The pseudo-first-order, pseudo-second-order and Elovich kinetic models were used
to describe how the adsorption capacity changes with time. Through the kinetic analysis
results, the adsorption mechanism could also be analyzed. The pseudo-second-order
kinetic’s optimal correlation coefficient (0.9887) was better than the pseudo-first-order



Water 2023, 15, 956 10 of 13

kinetic’s (0.9663) and the Elovich kinetic’s (0.9589). Therefore, the process of the adsorption
capacity changing with time could be better simulated by the pseudo-second-order kinetic
model, which indicated that chemisorption was the primary adsorption method, that the
ion exchange mainly occurred on the surface of the NaOH-CFA, and that the process was
an exothermic adsorption [38].

3.2.4. Influence of Initial Concentration

According to Figure 11, as the initial ammonia nitrogen concentration grew, the
equilibrium adsorption capacity of ammonia nitrogen gradually increased. This could
occur because the NaOH-CFA dosage remained unchanged. As the NH4

+ increased,
more adsorption sites on the NaOH-CFA surface were occupied; but when the initial
concentration was too high, the adsorption sites were fully occupied and the equilibrium
adsorption capacity did not increase. However, the removal efficiency was mainly on
a downward trend when the initial ammonia nitrogen concentration increased, that is,
1.0 g of NaOH-CFA was only sufficient to adsorb low concentrations of ammonia nitrogen,
and as the NH4

+ increased, it would improve the dosage of NaOH-CFA to increase the
removal efficiency.
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Figure 11. Influence of initial ammonia nitrogen concentration on adsorption.

The data of adsorption capacity changing with initial concentration were fitted by the
Freundlich, Langmuir and Sips models to find the most suitable adsorption model [39]. The
applicability of the three isotherms in Figure 12 was evaluated by the correlation coefficient.
When the temperature was 25 ◦C, the Langmuir isotherm’s correlation coefficient (0.9988)
was higher than the Freundlich isotherm’s coefficient (0.9867) and the Sips isotherm’s
coefficient (0.9976), demonstrating that the Langmuir isotherm was more appropriate for
characterizing the experimental results. Therefore, the NaOH-CFA had a uniform surface
and was more inclined to monolayer adsorption.

According to the adsorption experiment data, at an adsorption time of 90 min, 1.0 g of
NaOH-CFA was sufficient to remove 10 mg/L ammonia nitrogen in the neutral system.
The dosage of NaOH-CFA should be varied with the different initial ammonia nitrogen
concentrations to reach the dynamic adsorption equilibrium. Through the analysis of
adsorption kinetic and isotherm, the adsorption process of ammonia nitrogen by NaOH-
CFA was found to be more in line with the pseudo-second-order kinetic and Langmuir
isotherm. In other words, the adsorbent surface was uniform, and the chemical adsorption
was the primary adsorption way.
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4. Conclusions

Coal fly ash was a kind of bulk solid waste. In this study, a high efficiency ammonia
nitrogen adsorbent was synthesized through a simple and economical roasting modification
method. After modification, the internal glass grid structure of CFA was broken, and its
specific surface area was increased from 0.68 m2/g to 20.22 m2/g, which was a thirtyfold
increase. The activity and the adsorption sites of CFA were significantly enhanced; as a
result, the adsorption capacity of ammonia nitrogen was greatly improved.

In the batch sorption experiments, the removal efficiency of ammonia nitrogen reached
a maximum of 89% with a NaOH-CFA dosage of 1.0 g, ammonia nitrogen concentration
of 10 mg/L, pH of 7, and adsorption time of 90 min, which could effectively address the
problem of water contamination caused by a low concentration of ammonia nitrogen.

As an industrial waste, CFA is produced in large quantities every year and has a
certain degree of pollution. After modification, it becomes an efficient adsorbent, turns
waste into treasure, and it has wide-ranging applications, prospects, and research value.
Furthermore, it has a good adsorption effect on low-concentration ammonia nitrogen under
laboratory simulation conditions and can therefore be applied in the future to decrease
eutrophication in farmland water.
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