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Abstract

Excessive release of ammonium (NHy4*) into aquatic ecosystems can promote eutrophi-
cation. In this study, the natural adsorbents, coal (C) prepared from Hawthorn (Acacia
caven) and coal fly ash obtained from C, were used to remove NH4" from aqueous sys-
tems through batch adsorption—desorption studies. Both adsorbents were physically and
chemically characterized, while Fourier-transform infrared spectroscopy and zeta potential
were used to understand the surface functional groups and surface charge characteristics.
CFA showed a higher pH, BET specific surface area, electrical conductivity and higher %
values for CaO and MgO than C. Kinetic studies of NH4* adsorption at pH = 4.5 for both
materials fitted the pseudo-second-order model giving the 12 of 0.970-0.983 and the x? of
0.008-0.005 and at pH = 6.5 only for C with the r? of 0.986 and the x? of 0.013. Meanwhile,
the adsorption isotherm data at pH = 4.5 for both materials and 6.5 for CFA complied
with the Freundlich model (r? > 0.965 and x? < 0.012), suggesting that NH;* adsorption
onto both adsorbents at those pH values occurred through the formation of a multilayer
adsorption on heterogeneous surfaces. This indicates that the dominant adsorption of
both adsorbents was physisorption with no site-specific interaction. Based on these results,
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CFA is proposed as a promising and economical material for the removal of NH;* from
aqueous systems.

Keywords: natural adsorbents; Hawthorn; coal fly ash; eutrophication; pollution; water
systems; adsorption

1. Introduction

Nitrogen (N) is an essential nutrient for the diverse life forms that inhabit the planet.
It is involved in many chemical structures that are fundamental to life, such as amino acids,
peptides, proteins, and genetic material [1]. However, depending on the concentration
and chemical form of N (NO,~, NO3;~, NHj3, and NH4*), this element can become highly
toxic to living organisms, including humans [2,3]. In this context, ammonium (NH;*)
in the soil promotes proper plant growth, which is why it is used in chemical fertilizers
such as urea, ammonium nitrate, ammonium sulfate, and urea ammonium nitrate [4].
At the same time, this cation is used in the pharmaceutical industry, coal gasification
processes, oil refining, and catalytic factories [5]. Due to the lack of control and the limited
environmental regulation on anthropogenic activities, NH,* is being massively discharged
into surface water and groundwater, which has increased its concentration in various
aqueous matrices [5]. It is estimated that approximately 2 million tons of NH4* are released
into the world’s fresh waters every day through industrial and agricultural waste [6]. This
includes countries like Vietnam, with NH4* concentrations in the order of 70 mg/L [7], in
China, of 390 mg/L [8], and in Indonesia, of 84.9 mg/L [9]. These concentrations are much
higher than the values that should be found naturally in surface and groundwater, which,
according to the European Union, should be below 0.5 mg/L [10].

Excessive accumulation of NH4* in aquatic systems not only causes eutrophication
and oxygen depletion but also has harmful and detrimental effects on the health and
survival of humans and aquatic organisms [11]. This is because the intake of water with a
high concentration of NH* or its direct inhalation can cause diseases in humans, such as
tracheobronchitis, laryngitis, bronchiolitis, bronchopneumonia, or pulmonary edema [12].
Likewise, the non-ionized form of NH;* (ammonia, NHj3), which predominates under
basic pH conditions (pH 10), is even more dangerous for aquatic organisms [13]. Therefore,
there is currently a need to increase NH4* retention in agricultural soils and/or removal
of NH;* from freshwater systems designated for human consumption. This would con-
tribute to safeguarding water quality and maintaining healthy aquatic ecosystems, thereby
contributing to Sustainable Development Goal 6 (clean water and sanitation).

In general, various physicochemical techniques have been used to remove NH4*
from aqueous systems, including ion exchange, chemical precipitation, electrochemical
oxidation, air extraction of NHs*, membrane separation, and adsorption [14]. Adsorption,
in particular, is a physical technique widely used for the removal of NH4* in aqueous
systems [15]. In this process, NH;* ions are adhered to the surface of an adsorbent material
through mechanisms of electrostatic attraction, van der Waals interactions, and/or ion
exchange [16]. Synthetic adsorbents, such as engineering nanoparticles (ENPs), including
MgO [17], FesOy4 [18], Ag [19], and natural adsorbents, including pomegranate peel [20],
coal fly ash (CFA) [21], and biochar [22], have been used to remove NH;* from aqueous
systems. ENPs present some disadvantages related to their high costs and health and
environmental risks. In contrast, the use of natural adsorbents is a promising and attractive
alternative for NH4* removal from aqueous systems because it is effective, economical, and
environmentally sustainable [23,24]. An example of a natural adsorbent for NH;* removal
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is coal (C). C is characterized by a highly porous matrix, offering a high surface area that
possesses a variety of surface groups such as hydroxyls (-OH), carboxyls (-COO-), and
phenolics, which have a high affinity for cations, including NH,* [15]. Likewise, CFA has
a negative surface charge and a low particle size, which benefits its use as an absorbent
material [21]. In a study conducted by Chen et al. [25], an adsorption capacity of 139 mg/g
for NHs* was achieved by applying CFA from the Taiyuan first thermal power plant as
an adsorbent. For their part, Affandi et al. [21] used CFA from plants and determined an
adsorption of 7.17 mg/g for NH*. This demonstrates that the adsorption capacity of NH*
by CFA depends on the raw material used. Furthermore, environmental factors such as pH,
temperature, and the concentration of other ions in the solution directly affect the efficiency
of the adsorption process. To date, no adsorption studies have been conducted with C and
CFA from Hawthorn (Acacia caven) considering different pH values. In Chile, Hawthorn is
a characteristic tree of the dry interior of the central zone of Chile with a surface of around
3,800,000 ha [26]. Hawthorn is considered a medicinal plant widely used in phytotherapy.
Its wooden parts are used to produce coal as a source of energy [27]. Further applications
are not documented; therefore, using this abundant natural source provides an economical
and sustainable alternative for environmental remediation. In this context, C and CFA
derived from Hawthorn will be used as adsorbents for NH;* from aqueous solution. Based
on this, the study objectives are: (1) to characterize C and CFA produced from Hawthorn,
and (2) to determine the adsorption capacity of NH;" on C and CFA at different pH values.
The results of this study are expected to reveal the adsorption mechanisms of NH;* by C
and CFA.

2. Materials and Methods
2.1. Chemicals and Reagents

The reagents used were ammonium chloride (NH4Cl), sodium chloride (NaCl),
sodium hydroxide (NaOH), hydrochloric acid (HCI), potassium dichromate (K;Cr,Oy),
sulfuric acid (H2504), and ammonium acetate (NHsCH3COO). All reagents were analytical-
grade (Merck), and distilled water (conductivity < 1.0 puS m~1).

2.2. Preparation of Materials

One bag of store-bought hawthorn coal (C), 2.5 kg of Premium coal brand Quincho
(https://quinchobbg.com, accessed on 15 August 2025) was used. Subsequently, C was
then ground with a mortar and passed through a sieve with a diameter of 75 um. To
obtain the CFA, approximately 1.5 kg of the previously obtained C was added to different
crucibles, which were then placed on a hot plate, heated to a maximum of 500 °C, and
maintained for 6 h, then left to cool for 1 day at room temperature. The CFA obtained was
then stored at room temperature for future use.

2.3. Physical-Chemical Properties

The pH and electrical conductivity (EC) of the C and CFA samples were determined
using a ratio of 1:5 solid: distilled water [28]. The moisture content of the C and CFA was
determined at 70 °C per specifications established by Sadzawka et al. [28]. The organic
matter (OM) percentage of C and CFA samples was determined through calcination at
550 °C [28]. The total nitrogen (N) was determined through the Kjeldahl method. The NH4*
(mg/kg) concentration in C and CFA was determined by extraction with KCI 2 mol/L.
Before analysis, 1 g of the dried and finely ground sample of C and CFA was digested
using a mixture of HNOj, HCl, and H,O; [28]. The digest was filtered and diluted to a
final volume of 50 mL with distilled water before analysis. The P,O5% was determined
by UNICAM Helios o« UV spectrophotometer (Unicam, Cambridge, UK), while the K,O%,
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CaO%, and MgQO% were determined using an atomic absorption spectrometer (AAS) iCE
3000 (Thermo Fisher Scientific, Waltham, MA, USA).

The specific surface area (Sgpr) of the C and CFA samples was obtained using the
Brunauer—-Emmett-Teller (BET) method. C was degassed for 8 h at 120 °C [29], and CFA
was degassed for 10 h at 200 °C [30], and then was conducted using N, gas at =196 °Cin a
relative pressure range (P/Py) of 0.05-0.9. Surface area measurements were taken with an
Anton Paar Autosorb 6300 PFE (Autosorb iQQ, Anton-Paar GmbH, Ostfildern-Scharnhausen,
Germany). The total pore volume and pore diameter of C and CFA samples were obtained
using the Barrett-Joyner-Halenda (BJH) model.

2.4. Scanning Electron Microscopy-Energy Dispersive X-Ray Analysis

The analyses of scanning electron microscopy (SEM) and SEM coupled to energy
dispersive X-ray analysis (EDX) of the C and CFA samples were taken using an SEM
Hitachi SU3500 (Tokyo, Japan) at 15.0 kV and 25 kV. The samples were placed on a copper
grid covered with a carbon film before analysis. The diameter of the C and CFA particles
was determined using the Image] Version 1.54i software.

2.5. Surface Charge

The zeta potential (ZP) of C and CFA samples was measured in the presence of 10 mL
NaCl 0.01 mol/L using a Nano ZS apparatus (Malvern Instruments, Worcestershire, UK).
Subsequently, the isoelectric point (IEP) of both samples was obtained from graphs of ZP
versus pH values.

2.6. Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FI-IR) analyses of C and CFA samples were
performed using a Cary 630 spectrometer (Agilent Technologies, Santa Clara, CA, USA).
The spectral wavelength covered a range of 600 to 4000 cm~! with a resolution of 4 cm~!.
Once the FT-IR spectra were obtained for C and CFA samples, an adaptive baseline correc-
tion of 15% and Savitzky—Golay smoothing were applied using a 10-point interval and a
polynomial of order 3. After baseline correction, standard normal variation (SNV) normal-
ization is applied, allowing comparisons between samples by spectral data scaling. SNV
considers the mean absorbance values in addition to the standard deviation. It subtracts
the mean from each absorbance value and divides this result by the standard deviation,

obtaining a spectrum with a variance of one.

2.7. Batch Adsorption—Desorption Studies
2.7.1. Effect of Adsorbent Dose

The NH;* adsorption capacity of C and CFA samples was investigated using batch
experiments to study the effect of C and CFA adsorbent dosage was varied from 0.05 g to
0.30 g in the presence of 20 mL of a 50 mg/L NH4™" solution (adjusted to pH 6.5 + 0.2 using
HC1 (0.01 mol/L) or NaOH (0.01 mol/L) in a 50 mL centrifuge tube containing varying
amounts of C and CFA. The mixture was then stirred at 200 rpm in a linear shaker for
1440 min at 20 & 2 °C. The tubes were centrifuged at 3500 rpm using a centrifuge for 10 min
and filtered through 0.22 um syringe filters. The NH4" concentration in the solution was
determined using the Nessler method [31] on a UNICAM Helios o« UV spectrophotometer
(Unicam, Cambridge, UK). The NH,* adsorbed (q., mg/g) onto C and CFA was determined
using Equation (1).

q = (Co—C)V 1)

w
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where Cj is the initial concentration of NH4* in solution (mg/L), C; is the equilibrium
concentration of NH4* in solution (mg/L), V is the volume (L), and w is the mass (g) of the
C and CFA used.

2.7.2. Effect of pH

The pHypitial effect on NHy" adsorption by C and CFA samples was studied using
0.15 g of C and CFA and 20 mL of a 50 mg/L NHy* stock solution, with varying initial
pH values between 3.5 & 0.2 and 10.5 £ 0.2, which was altered using HC1 (0.01 mol/L)
or NaOH (0.01 mol/L). The mixture was added to 50 mL centrifuge tubes and stirred at
200 rpm for 1440 min at 20 &£ 2 °C. The pH was also measured at the end of the experiment
(PHfinal)- The tubes were centrifuged at 3500 rpm for 10 min, and the NH4* concentration
in the supernatant was determined, as previously described.

2.7.3. Adsorption Kinetics

A kinetic adsorption study was conducted in a similar setup as stated earlier, with
0.15 g of C and CFA samples, and 20 mL of 50 mg/L NH,* at an initial pH of 4.5 &+ 0.2 and
6.5 £ 0.2, which was altered by adding HCI (0.01 mol/L) or NaOH (0.01 mol/L). Samples
were withdrawn at time intervals between 0 and 360 min (0, 2.5, 10, 30, 45, 60, 120, 180,
and 360 min), at 200 rpm, and at 20 = 2 °C and analyzed for NH;* concentration in the
supernatant, as described previously.

2.7.4. Adsorption Isotherms

Adsorption isotherms were obtained by conducting experiments with 0.15 g of C and
CFA samples at varying NH,;* concentrations between 0.5 and 50 mg/L (0.5, 1, 5, 10, 20, 30,
and 50 mg/L) at an initial pH 4.5 £ 0.2 and 6.5 £ 0.2, which was controlled by adding HCl
(0.01 mol/L) or NaOH (0.01 mol/L). After continuous stirring at 200 rpm for 180 min at
20 + 2 °C, centrifugation, and filtration, the final NH;* concentration in the solution was
extracted and analyzed, as described previously.

2.7.5. Desorption Studies

To study NHy* desorption from C and CFA samples, the first 0.15 g of C and CFA and
20 mL of NH4™ solution (50 mg/L) were mixed at an initial pH of 4.5 + 0.2 and 6.5 £ 0.2
by adding HCl or NaOH. The mixture was stirred at 200 rpm for 180 min at 20 = 2 °C. The
final NH4* concentration in the supernatant solution was determined following stirring,
centrifugation, and filtration as described earlier. The residual solution was removed,
distilled water was added to the solid, and the suspension was stirred, as described above.
The desorption cycle was repeated five times. After each desorption cycle, the mixture was
centrifuged at 3500 rpm for 10 min, and the NH4" concentration in the supernatant was
determined as described previously. The NH;" desorption percentage (%) by C and CFA
after each cycle was calculated using Equation (2).

NH4+ desorbed

NH desorption = —4 ——— "~ x
4 p NHZ adsorbed

100 )

where NH* adsorbed (mg/g) is the amount of NH4* adsorbed by the C and CFA before
distilled water treatment, and NHy " desorbed (mg/g) is the amount of NH,* desorbed by
the C and CFA after distilled water treatment.

2.7.6. Adsorption Kinetics and Isotherm Models

The experimental kinetic data were tested using the pseudo-second order (PSO) and
pseudo-first-order (PFO) equations through non-linear fitting (Table S1). The NH4* adsorp-
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tion isotherm equilibrium data were also tested using the Freundlich and Langmuir equa-
tions through non-linear fitting, and linear equation fitting (Henry’s isotherm) (Table S2).
Those models are widely used to describe adsorption studies [32].

2.8. Data Analysis

All adsorption experiments were performed in triplicate, and the results were pre-
sented as the mean value. The fitness of experimental data to the kinetic and isotherm
models based on the coefficient of determination (r?), and the Chi-square x?) parameters.
The highest r? and lowest x2 values were used as the best fit [33]. The model fitting and
figure drawing were performed using the Origin 9.0 program.

3. Results and Discussion
3.1. Characterization of the Materials

The physical-chemical properties of C and CFA samples are tabulated in Table 1. C
presented a higher % of humidity, OM, total N, and NH,;* than CFA. Meanwhile, CFA had
a higher pH, EC, and % of P,0Os, K,0O, CaO, and MgO than C. Specifically, CFA had a pH
value of 11.9, which is classified as a strongly alkaline adsorbent, while C had a pH value of
8.4, which indicates it is a moderately alkaline adsorbent [34]. These pH values are related
to the different CaO% values shown by both adsorbents and agree with the pH values
previously reported by Gaffney and Marley [35]. In addition, CFA had higher values of
BET specific surface area and pore radius than C. Finally, it is important to highlight that
the chemical-physical properties determined for CFAs depend directly on the source of C
used [36].

Table 1. Physical-chemical properties of coal and coal fly ash.

Coal Coal Fly Ash
pHmo (1:5) 8.4 11.9
Electrical conductivity (1:5) dS/m 1.2 37.1
Humidity (%) 4.70 0.60
Organic matter (%) 90.50 1.68
Total nitrogen (%) 1.10 0.06
NH;* (mg/kg) 9.20 1.10
P,,0s5 (%) 0.30 2.37
K0 (%) 1.45 8.80
CaO (%) 3.89 27.00
MgO (%) 0.18 481
BET specific surface area (m?/g) 4.409 5.411
Pore radius (A) 17.66 18.72
Pore volume (g/cm3) 0.0138 0.0126

3.2. SEM-EDX Analysis

The SEM analysis of C and CFA adsorbents is shown in Figure 1. Figure 1a shows that
C presents an irregular morphology and a particle size diameter that fluctuates between
approximately 4 and 75 um. Meanwhile, the surface morphology of CFA particles is similar
between them, with particle diameters in the size range between 3 and 10 um.
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‘ a‘O'OIumI
Figure 1. SEM analysis of (a) coal, and (b) coal fly ash.

The SEM-EDX analysis accounts for the elemental content of the adsorbents, which
in decreasing order was: C, O, Ca, Si, Al, Na, K, and Fe (Figure 2a), whereas for CFA, the
content in decreasing order was: O, Ca, K, C, Mg, Fe, S, Na, Si, Al, P, and CI (Figure 2b).
According to these results, the appearance of four new signals for the CFA with respect to
C is evident. These corresponded to Mg, S, P, and (], in addition to a change in their mass
percentage. This phenomenon is due to the combustion process of C (loss of organic mass).

(b)

RN
Weight percentage (%)
PR I

Weight percentage (%)

L. HmﬂﬁrﬁmMﬁ,

o ko
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Figure 2. SEM-EDX analysis of (a) coal, and (b) coal fly ash.

3.3. Zeta Potential

The surface charge of the adsorbents is related to the presence of organic functional
(-COOH and -OH) and inorganic (-FeOH and -AlIOH) groups [37]. Figure 3 illustrates that
at pH =2.13, C has a charge of —8.58 mV, which becomes more negative as the pH increases,
reaching a value of —38.8 at pH = 9.22. Compared to C, the CFA exhibited a lower negative
surface charge, measuring 8.58 mV at pH = 3.22. As the pH increased to 9.58, the surface
charge shifted to —14.08 mV. The CFA presented an IEP value of 4.4. The decrease in the
negative charge for CFA in relation to C is attributed to a decrease in OM% (Table 1) and an
increase in Fe% (Figure 2) [33,37].

3.4. FT-IR Analysis

The presence of functional groups on the C and CFA adsorbents was observed by FI-IR
analysis (Figure 4). In Figure 4a, C exhibits the presence of functional groups, aliphatic
O-H (~3400 cm~!) and C-H (~2900-2850 cm 1), unlike the absence of those groups for the
CFA [38,39]. The low intensity suggests that these peaks are dominated by the stretching
of O-H and C-O bonds and vibrations from -OH in carboxylate groups [40,41]. In the
C sample, a medium sharp signal can be seen at a wave number of 1590 cm~?!, which
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does not appear in the CFA sample; this signal is attributable to the presence of amide or
amine groups [42,43]. At 1416 cm™! for C at 1407 cm~! for CFA, a peak was identified,
being more intense in CFA. The variations in peak intensities could be associated with C-O
vibrations in carbonate minerals [44]. In the region of ~1094 cem ™! and ~1030 cm ™!, both
samples presented significant peaks, being stronger in CFA. These bands are of ~1094 cm ™!
and ~1030 cm ™!, characteristic of the stretching vibrations of the Si-O bond in silicates, an
important component of CFA. They can also be attributed to stretching vibrations of C-O
bonds in ester, ether, or C-O-C, and C-O-H vibrations [45,46]. In addition, both CFA and
C samples exhibit a band at ~870 cm ™!, attributed to out-of-plane aromatic C-H bending
vibrations or carbonates [47,48]. Additionally, both samples showed a band at ~708 cm L,
which was more intense in CFA. This band may correspond to Si-O-5Si bending vibrations in
silica frameworks or to out-of-plane C-H bending vibrations in aromatic rings with specific
substitutions.

50

o Coal
40
m— Coal fly ash
30

S 204
E
E K -\l\
€ o
2 —a
o -
2.-10 4 LN Tm
S ~ " —n
@ 20 e
N °

-30 ®

® ? ]
-40 ° ®
-50 T T T T T
2 4 6 8 10
pH

Figure 3. Zeta potential for coal and coal fly ash.

3.5. Effect of Adsorbent Dosage on NH,* Removal

Optimization of adsorbent dosage in NH4* ion removal systems for wastewater treat-
ment is essential for practical use and avoids wasting excess adsorbent material. Figure 5
shows the effect of C and CFA dosages between 0.05 g and 0.3 g on NH,* adsorption at
pH6.5.

The % increase in NH4* adsorption from 13.74% to 27.67% for C, and from 33.12%
to 41.55% for CFA, indicated that as the mass of the adsorbents increased, they removed
a higher % of NH,4" ions from the aqueous solution. This is logical, since a higher mass
of adsorbent provides a greater number of active sites for NHs* ions to adhere to [22].
Figure 5 also suggests that using 0.2 g of adsorbent results in a decreasing amount of NH,*
adsorbed in mg/g units. The decreasing NH;* adsorption in mg/g indicated that the
adsorbents have limited binding sites and are prone to rapid saturation. Similar behavior
was observed by Zhao et al. [49] for the adsorption of NH4* using CFA modified with
NaOH. Based on this study, an adsorbent mass of 0.15 g was chosen as the optimal dosage
for performing the following adsorption experiments of NH4™.
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Figure 4. FT-IR spectrum of (a) coal, and (b) coal fly ash baseline corrected and smoothed.
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Figure 5. Effect of coal and coal fly ash dosages on the removal of NH4* at solution pH = 6.5 + 0.2.

3.6. Effect of Solution pH on NHy* Removal

The solution pH had a marked effect on the NH,* adsorption capacity because it influ-
ences the chemical molecular form in which this analyte is found in the solution, that is, its
chemical speciation. There is an equilibrium between NH;* and NH3 (NH; * = NH; + H*;
pKa ~ 9.25, 25 °C), as well as in the surface charge of the adsorbent [50]. The pH study was
conducted over a range of 3.5 to 10.5 and is shown in Figure 6.
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Figure 6. (a) Effect of pH on the adsorption of ammonium (NHy*) on coal and coal fly ash, and
(b) variation in pH (ApH) before and after adsorption at different initial pH values.

At a pH value of 3.5, the adsorption of NH; " by C reached 0.89 mg/g, being around
14%. As the pH of the solution increased, the adsorption of NH;* showed a slight increase,
reaching between pH = 4.5 and 7.5, and an adsorption of NH4* between 1.03 mg/g and
1.07 mg/g, which corresponded to 15-16%, respectively. From a pH value of 7.5 to 9.5,
the adsorption of NH,* by C was practically constant, being close to 1.20 mg/g, which
corresponds to 18% of the NH;* added. The CFA showed a higher adsorption of NH4*
than for C throughout the pH range studied. In particular, the adsorption of NHs* by CFA
at pH = 3.5 was 3.41 mg/g, which corresponded to 53%. Between pH values of 4.5 and 6.5,
a slight stabilization in NH4* adsorption by CFA was observed, reaching 4.09 mg/g, which
corresponds to approximately 64% of the total added. At pH values above 8.5, the NH4*
adsorption capacity by CFA showed a drastic decrease, reaching 1.90 mg/g, corresponding
to 29.34%, and remaining constant up to a pH value of 10.5.

The NH4" adsorption trend noted for both adsorbents in the pH range studied is
because under acidic conditions (from 3.5 to 6.5), NH4" is the predominant ionic form,
having a high affinity for adsorbents with negative surface charges, such as C and CFA,
due to electrostatic attraction mechanisms between the positive NH;* ion and the negative
surface charges that both materials present. However, at pH < 3.5, the adsorption of
NH4* decreases, which may be associated with the increase in the H concentration in the
solution, which causes a competition with the NH;* ions for the adsorption sites of both
absorbents, thus inhibiting the adsorption of NH* [22]. At high pH values (8.5), NH4™ is
transformed into NHj(g), which is a neutral molecule that does not adsorb easily onto C
and CFA. Zhu et al. [51] suggested that NH3 existing in solution at pH > 10.0 could be lost
through volatilization.

The ApH graph in Figure 6b shows that for CFA, the final pH values obtained were
higher than for C. These results indicated that, after the adsorption process of NH;* by
CFA, there was a greater release of surface OH™ groups into the solution. However, these
values could also be associated with the fact that the pHyypo for CFA was much higher than
for C (Table 1). Regardless of these, the higher ApH values, i.e., more basic final pH values,
shown by CFA than by C could explain the capacity and the adsorption trend of NH;* seen
in Figure 6a.

3.7. Adsorption Kinetics of NHs*

In Figure 7a, the amount of NH;* adsorbed (in mg/g) on C and CFA is seen as a
function of the equilibration time (min) at pH = 4.5 and 6.5.
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Figure 7. (a) Adsorption kinetics of ammonium (NH4") on coal and coal ash at pH = 4.5 & 0.2 and
6.5 £ 0.2, and (b) model fitting lines of the experimental data.

During the first minutes, NH4* adsorption increased rapidly for both materials, being
higher for CFA than C. This suggests that CFA had a higher affinity for NH;* ions than C.
After about 10 min, NH,* adsorption for both adsorbents stabilized and remained almost
constant until 360 min, reaching an experimental NH4* adsorption (qexp) of 0.6-1.0 mg/g
for C and 1.4-1.6 mg/g for CFA. According to these values, the saturation of C adsorption
sites can occur with a lower amount of adsorbed NH,4* and in a shorter equilibrium time
compared to CFA, as previously reported by Makgabutlane et al. [52]. Adsorption kinetic
models describe the kinetic rate of adsorption, the initial kinetic rate, and the mechanism
by which an adsorbate (a substance in the liquid phase) is transferred to the surface of a
solid adsorbent. In this study, the experimental data of NH,;* adsorption were modeled
using the PFO and PSO models (Figure 7b), whose data and statistical parameters obtained
are tabulated in Table 2.

Table 2. Pseudo-first-order and pseudo-second-order parameters obtained from ammonium adsorp-
tion kinetics at pH 4.5 £ 0.2 and 6.5 £ 0.2 on coal and coal fly ash.

Coal Coal Fly Ash Coal Coal Fly Ash
pH 4.5 6.5
ge (%) 20.35 33.48 23.76 44.67
Qexp (Mg/g) 1.39 £ 0.10 2.19 + 0.05 1.54 +£0.03 2.79 £ 0.18
Pseudo-first-order
ge (mg/g) 1.24 +0.03 2.03 £+ 0.04 1.39 £0.05 2.75 + 0.04
ki (1/min) 0.409 £ 0.059 0.913 + 0.243 0.238 + 0.04 0.361 £ 0.03
r? 0.965 0.970 0.956 0.986
X2 0.008 0.014 0.013 0.013
Pseudo-second-order
ge (Mmg/g) 1.30 £+ 0.03 2.08 + 0.04 1.45 +0.03 2.83 £+ 0.09
(g/m?/min) 0.565 £+ 0.140 1.128 4+ 0.402 0.259 + 0.04 0.247 + 0.07
h (mg/g/min)  0.988 £ 0.000 4.88 £ 0.00 0.544 + 0.00 1.978 + 0.000
r? 0.970 0.983 0.981 0.951
X2 0.006 0.008 0.005 0.041
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According to the r? value, the PSO model (r? > 0.970 and x> < 0.008) presented a
better fit to the experimental adsorption data of both materials compared to the PFO
model, except CFA at pH = 6.5 (r> = 0.986 and x? = 0.013). According to these results, it
is suggested that the adsorption of NH;* on C and CFA at pH = 4.5 and for C at pH = 6.5
would occur through two adsorption sites of the adsorbent [53]. Similar mathematical
fits have been reported for NH;* adsorption on La-zeolite, phoslock, activated alumina,
and diatomaceous earth [54]. The PFO model suggests that NH4* adsorption by CFA at
pH = 6.51s due to an interaction on one adsorption site [53].

The adsorption capacities (qe) estimated by the PSO model at pH = 4.5 reached
1.30 mg/g and 2.08 mg/g for C and CFA, respectively. Meanwhile, at pH = 6.5, the e for
C was 1.45 mg/g and for CFA 2.83 mg/g. These data indicate that, once in equilibrium,
the adsorbents have a higher affinity for NHs* at pH = 6.5 than at pH = 4.5, which was
consistent with the data obtained in the pH studies (Figure 6a).

The initial rate constant (h) can be attributed to the chemical and/or hydrogen (H)
bonding that exists between NH; " and the surface hydroxyl groups present on the C and
CFA adsorbents [55]. At pH = 4.5, the h value for C was 0.988 mg/g/min and for CFA it
was 4.88 mg/g/min. At pH 6.5, the h value was 0.544 mg/g/min and 1.978 mg/g/min for
C and CFA, respectively. According to these values, it can be suggested that a lower pH
value favors surface disinhibition at time —0, which means that the adsorbents possess a
greater number of adsorption sites that show a high affinity for NH4™.

3.8. Adsorption Isotherms of NHy*

Adsorption isotherms describe how an adsorbate, in this case NH,* ions, adsorbs
onto a solid surface (C and CFA) as a function of the initial concentration at a constant
temperature. NHs* adsorption studies were performed using a concentration range that
fluctuated between 0.5 and 50 mg/L at pH = 4.5 and 6.5. The NH* curves described in
Figure 8a for the different adsorbents corresponded to S-type isotherms [56], which showed
a cooperative type of adsorption and suggests that once the surface of the materials is
covered by NH,* ions, other NHy4 " ions can be easily adsorbed on the surface. For both
materials, the amount of NHy " adsorbed increased rapidly with increasing initial solution
concentration, being higher at pH = 6.5 than at pH = 4.5 (Figure 8a).

3.0

= N N
o o 3]
1 1 1

NH,* adsorbed (mg/g)
>

(a) (b)
254 — Langmuir »
------- Freundlich o
© | Lineal
o 2.0 A
3
3 1.5 & o
o
(2]
T 101 .a
* <t -
I g
—a—Coal; pH=6.5 Zo054 AT e " Coal;pH=65
—e— Coal fly ash; pH=6.5 g e Coal fly ash; pH = 6.5
—4A—Coal; pH=4.5 A Coal;pH=45
_ 0.0 ’
—v— Coal fly ash; pH = 4.5 v Coalfly ash; pH=4.5
T T T T T T T T T
0 20 30 40 50 0 10 20 30 40 50
NH,* concentration in the equilibrium (mg/L) NH," concentration in the equilibrium (mg/L)

Figure 8. (a) Ammonium (NH4") adsorption isotherms at pH 4.5 &+ 0.2 and 6.5 + 0.2 on coal and
coal fly ash, and (b) NH4* adsorption isotherms on coal and coal fly ash modelled by Langmuir,
Freundlich, and Linear models.

These results were due to the increasing NH4* concentration gradient and a higher
probability of contact between NH4* and the C and CFA adsorbents. The lower amount of
NH4* adsorbed for C compared to CFA at both pH values could be attributed to the low
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affinity of the functional groups contained in C for NH4 ", which was already discussed
in the kinetic studies. Meanwhile, the higher affinity observed of CFA for NH4* can be
explained by the higher pHyyy0 values obtained and the Sggt values (Table 1), as previously
discussed in the previous sections, and, in addition, by the possible effects of the cations
contained in the CFA, such as CaCO3, CaO, and MgO. The dissolution of these compounds
would allow the release of Ca®* and Mg?* cations, which possibly increase the NH,*
adsorption on the adsorbents due to cation exchange mechanisms [23].

The experimental adsorption data were fitted to the Freundlich, Langmuir, and linear
models (Figure 8b), the parameters of which are tabulated in Table 3.

Table 3. Langmuir, Freundlich, and Linear parameters obtained from ammonium adsorption isotherm
at pH 4.5 £ 0.2 and 6.5 £ 0.2 on coal and coal fly ash.

Coal Coal Fly Ash Coal Coal Fly Ash
pH 45 6.5
Langmuir
Qmax (Mg/g) N/A N/A 2.79 +0.85 N/A
kg, N/A N/A 0.018 & 0.008 N/A
12 N/A N/A 0.978 N/A
X2 N/A N/A 0.005 N/A
Freundlich
kr (mg/g) 0.021 £+ 0.011 0.066 £ 0.022 0.070 & 0.025 0.037 £ 0.007
n 0.97 £+ 0.140 1.07 £0.12 1.30 £ 0.18 0.82 + 0.04
12 0.965 0.979 0.966 0.996
X2 0.006 0.012 0.008 0.004
Linear
K(L/g) 0.024 £ 0.002 0.052 £ 0.004 0.029 £+ 0.03 0.079 £ 0.004
12 0.966 0.977 0.943 0.986

N/A: not applicable.

According to the obtained r? and x? values, the Langmuir model only showed a
better fit to the experimental data for the adsorption of NHy* by C at pH = 6.5 (2 = 0.978
and x? = 0.005), which suggested that the adsorption of NH;* on this adsorbent and
under these conditions occurs on a homogeneous surface through chemisorption [57].
However, due to the adsorption sites of C are heterogeneous, the fit of adsorption data
of NH4" to the Langmuir model at pH = 6.5 should be more studied. Meanwhile, the
Freundlich model adequately described the adsorption of NH4* on C and CFA at pH = 4.5
and for CFA at pH = 6.5 (r2 > 0.965 and x2 < 0.012). Therefore, in all these cases, NH4*
would be adsorbed via a physisorption process, through the formation of multilayers,
benefiting from the heterogeneous surfaces of the adsorbents that have varying binding
energies [58]. Makgabutlane et al. [52] found that the adsorption of NH;* on CFA-based
zeolites adequately fitted to the Freundlich model, which is in line with the results obtained
in this study.

From the parameters obtained from this model, the adsorption intensity (n) can be
determined. At pH = 4.5, it was 0.97 for C and 1.07 for CFA, meaning the affinity for CFA
was 1.10 times greater than for C. In contrast, at pH = 6.5, the value of n was 1.30 for C
and 0.82 for CFA, indicating that C had 1.59 times higher affinity than CFA. According to
Table S3, it can be observed that C and CFA exhibited lower adsorption capacities compared
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to other adsorbents previously reported for the removal of NH4* from aquatic systems.
However, CFA stands out for its low cost, abundance, and simple preparation process.

3.9. Desorption Studies

Desorption studies are used to determine the strength of interaction between an
adsorbent and an adsorbate and the possible reusability of an adsorbent [58]. In this case,
the data in Figure 9 show that after four desorption cycles at pH = 4.5 and 6.5, C had a
desorption of 2.48 and 6.33 times greater than CFA. In other words, the strength of the
interaction formed by NH;" with CFA may be greater than that formed by NH;* and
C. This indicates that the NH;" mainly adhered to C by electrostatic interactions (cation
exchange), as it was largely exchangeable with H,O [58]. Similarly, Hamidi et al. [23]
reported that C has a low capacity to retain NH; " despite its high cation exchange capacity.
Furthermore, Figure 9 showed that the strength of the interaction between NH;" and CFA
decreased at less acidic pH.

100
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Figure 9. Ammonium (NH4") desorption percentage obtained from coal and coal fly ash using
distilled water as the extracting agent.

4. Conclusions

This study demonstrated that coal fly ash (CFA) had a higher BET specific surface
area, pH, conductivity, and % of CaO and MgO than C, and a lower isoelectric point than
C. It was determined that CFA (2.19 mg/g; pH = 4.5 and 2.79 mg/g; pH = 6.5) had higher
NH,* adsorption than C (1.39 mg/g; pH = 4.5 and 1.54 mg/g; pH = 6.5). Overall, the
kinetic data fit the pseudo-second-order model well for both adsorbents, and the adsorption
isotherms fit the Freundlich model. The study suggests CFA as a low-cost, natural adsorbent
for removing NH;* from aqueous systems. However, for potential development into a
sustainable and effective NH,* adsorption technology, further optimization is required (e.g.,
co-existing cations and temperature), and pilot-scale validation must also be considered.
In addition, CFA loaded with NH4" could be used as a soil amendment to increase NHy*
bioavailability, which also requires further research.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr13103118/s1, Figure S1. Nitrogen adsorption—desorption
isotherms at 77 K for (a) coal, (b) coal fly ash, and BET graph for (c) coal, and (d) coal fly ash. Table S1.
Kinetic models used for the description of ammonium adsorption. Table S2. Isotherm models used
for the description of ammonium adsorption. Table S3. Modelled NH4* adsorption capacity values
of adsorbent materials. References [7,21,25,49,52,59-69] are cited in the supplementary materials.
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