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The contamination of antibiotics in water bodies has increased significantly in recent years.
Various treatments, including adsorption, have been sought, but most include expensive
sorbent material with low efficiency. This research reported an alternative sorbent
material; synthetic zeolite derived from coal-burning waste. Coal bottom ash was
converted to zeolite via a hydrothermal technique using various concentrations of NaOH
and relatively low-temperature conditions. X-ray diffractogram confirms the formation of
ZSM-23 when a 1:2 coal-to-zeolite ratio was used at 95°C. The FTIR spectra also highlighted
the characteristics of zeolite functional groups, such as the Si-O vibration at 999.56 cm™?
and the Al-O vibration at 799.48 cm™. The needle-like morphology of ZSM-23 was
observed during SEM-EDS analysis. When calculated using BET analysis, the synthetic
zeolite also exhibited a high surface area of 433.517 m? g’X. Upon application in a batch
experiment, the maximum adsorption capacity of the zeolite for amoxicillin (AMX)
adsorption in aqueous solution was found to be 673.5 mg g. The adsorption data fitted
the Langmuir isotherm better than the Freundlich one, with a correlation factor of 0.9328.
This suggested the monolayer interaction, possibly between the negatively charged zeolite
surface and the NHs* group from AMX. However, the physical adsorption mechanism with
the zeolite surface may also occur due to the high surface area. Considering the low
production cost, this zeolite offers high economic value as an alternative sorbent for
removing antibiotics in water effluent.
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1. INTRODUCTION

The penicillin-derived antibiotic amoxicillin (AMX) is one
of the most widely used antibiotics for treating various
bacterial infections, including those affecting the
gastrointestinal, respiratory, and skin systems (Ali & Maafa,
2024). According to the World Health Organisation (WHO),
this antibiotic is of utmost importance as an antimicrobial
medicine, leading to its high consumption and utilisation
(Batista et al., 2020). Although AMX is essential for treatment,
its widespread use has led to it becoming one of the most
commonly found contaminants in the environment. The use
of antibiotics in high-income countries has decreased in
recent years due to compliance with health organisations’
regulatory strategies. However, antibiotic consumption in low
and middle-income countries is still very high. In Indonesia,
around 75% of patients hospitalised had been given
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antibiotics, even without any bacterial coinfection symptoms
(Yossadania et al., 2023). High consumption of antibiotics
poses a significant risk of water contamination. Antibiotic
concentration in one water effluent treatment facility before
the COVID-19 pandemic was reported to be 1.6 pg L?, but
after the pandemic, it was reported to be 509.64 ug L?
(Samandari et al., 2022).

Like other antibiotics, amoxicillin, when administered to
humans and animals, is excreted in feces and urine without
degradation (Zhang et al., 2019). Animal feces are commonly
used as a nutrient-rich fertilizer, leading to direct
contamination of the environment. Feces and urine may also
enter the body of water and bioaccumulate in fish, thus
entering the human food chain. This will significantly increase
the availability of antibiotic resistance elements, which may

This is an open-access article under the CC BY NC license (http://creativecommons.org/licenses/by/4.0/)


https://jurnal.uns.ac.id/tanah/index
http://dx.doi.org/10.20961/stjssa.v22i2.93672
http://creativecommons.org/licenses/by/4.0/
http://jurnal.uns.ac.id/tanah
mailto:galuh@upi.edu
https://doi.org/10.20961/stjssa.v22i2.93672

Yuliani et al.

have severe consequences for both human and animal health
(Larsson & Flach, 2022). The residual antibiotics have been
labeled as emerging contaminants of concern, and various
water treatment methods must be explored to address this
issue. Bhargava et al. (2018) have explored conventional
water treatment methods, such as advanced oxidation,
hydrolysis, and photodegradation. However, these methods
were considered impractical and may result in secondary by-
products requiring further treatments. Jiang et al. (2018) and
Renu et al. (2017) mentioned that adsorption may be a
practical and preparative alternative. Furthermore, sorbent
materials used in this method must have high adsorption
capacity, be cheap, and be readily available. Among various
sorbent materials, zeolite stands out for its high porosity
and sorption capacity, and is applicable over a wide range of
temperatures (Luo et al., 2021). Zeolite has been utilized in
separation, filtration, ion exchange processes, catalysis, and
adsorption due to its extensive internal pores and negatively
charged surface (Jiang et al., 2020). Unfortunately, synthetic
zeolite is expensive when prepared using pure chemical
precursors. Thus, alternative starting materials are sought.
Some potential starting materials include coal ash, red mud,
and kaolin (Yadav et al., 2021). Due to the creation of
numerous disposal problems, waste materials, such as coal
ash, are arguably the most promising starting material for
zeolite (Jiang et al., 2018)). Coal ash utilisation may become
an alternative solution for coal waste recycling, potentially
reducing the environmental effects of coal processing in
many countries (Luo et al., 2021).

Coal ash contains silica (SiO;) and alumina (Al,03) as main
components; additionally, it also contains iron oxides (Fe,0s),
carbon, magnesium, sulfur, and trace elements. The high
percentages of SiO, and Al,O; in the ash composition enable
coal ash utilisation as starting materials for zeolite synthesis
(Liu, 2022). Although coal ash zeolite synthesis has been
reported in numerous studies, variations in synthesis
methods and types of zeolite produced persist. Some types of
zeolite that are commonly reported include Na-X, Na-P1,
zeolite X, zeolite A, and SSZ-13 zeolite (Boycheva et al., 2021;
Gollakota et al., 2021; Nowak et al., 2021; Tumrani et al.,
2021). One type of zeolite rarely reported is the ZSM type.
This type is exciting due to its unique structure and high
porosity, such as ZSM-23 with a specific surface area of
880.05 m? g (Lin & Chen, 2021). The sorption capacity of this
zeolite for iodine and heavy metals was higher than that of
commercial activated carbon. Aside from the sorption
capacity values, an adsorption study is important in
categorising the adsorption mechanism based on various
adsorption isotherms. Such a study will help to gain a deeper
understanding of the interaction between sorbent materials
and sorbed molecules.

Therefore, this research aims to convert coal bottom ash
into ZSM-type zeolite and use it to remediate amoxicillin-
contaminated water. An adsorption study was also conducted
to understand the adsorption mechanism. Based on this
adsorption study, the interaction between ZSM-type zeolite
as sorbent materials and AMX as sorbed species may be
proposed.
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2. MATERIAL AND METHODS
2.1. Material

Coal bottom ash (CBA) was obtained from a local food
industry in West Java, Indonesia, using sub-bituminous coal
as fuel. Amoxicillin (AMX), sodium hydroxide, aquadest, and
hydrochloric acid were purchased from Merck. The
experiment was conducted in the Materials Research
Laboratory of the Chemistry Study Program at UPI, Bandung.

2.2. Methods

The zeolite synthesis methods adopted the hydrothermal
technique previously reported in the literature (Tumrani et
al., 2021). Ten grams of CBA was mixed with NaOH in ratios
of 1:1, 1:1.5, and 1:2, and was placed in a Teflon autoclave at
different temperatures (65, 80, and 95°C) for 9 hours. The
solid product was washed with deionized water (Aquadest)
until a pH of 7 was reached, dried at 110°C for 9 hours, and
sieved using a 100-mesh sieve. The zeolite powder was
analysed using Scanning Electron Microscopy-Energy
Dispersive Spectrometry (SEM-EDS), X-ray Diffraction (XRD),
Fourier Transformed Infrared (FTIR), and Brunauer, Emmett,
and Teller (BET) surface analysis.

In the adsorption study, 0.05 g of zeolite was mixed with
25 mL of AMX solutions having different concentrations (2, 4,
5, & 6 ppm). The mixture was fixed to a pH of 5 and was
shaken for 90 minutes at 200 rpm. The supernatant was
centrifuged at 3000 rpm for 10 minutes. The residual
concentrations of AMX were analyzed using a Shimadzu LC-
MS/MS system (model 8045). The mobile phase consisted of
a 20% ammonium acetic buffer solution and 1% v/v formic
acid in water (80%). The sample volume injected was 1 uL for
5 minutes, and the m/z selected were 366.05 > 114.00 and
366.05 > 349.00. The data were collected based on one
measurement; no statistical tools were used. The residual
concentration data were collected as Ce (mg L), and the
adsorbed amount, Q. (mg g?), was calculated according to
Equation 1 (Chwastowski et al., 2023).

Q, = (C% ............................................................

Where C, is the equilibrium concentration of AMX, C, is
the initial concentration, V is the total volume of the solution,
and M is the weight of the zeolite. The adsorption isotherms
were analyzed using the two most common models, Langmuir
and Freundlich. Equation 2 provides the Langmuir equation.

Ce_ T  Ce

0 = Bxan g

Where b is the Langmuir constant, and Q,, is the
maximum adsorption capacity.

The linear plot of =% vs C, was analysed to obtain

C
Qe

Q.- Additionally, the coefficient of determination, R-squared
(R?), derived from the linear regression, provides information
about the alignment of the adsorption data with the Langmuir

model. The Freundlich equation is provided in Equation 3.

logQ, = logK+%logCe

Where n and K are Freunclich constants. The linear plot of
logQ, vs log K was analyzed, and the coefficient of
determination, R-squared (R%), was evaluated. This
calculation was conducted using Microsoft Excel® with
regression analysis.
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Figure 1. CBA analyses: (a) XRD pattern and (b) FTIR spectrum
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Figure 2. SEM photos at magnification of: (a) 1000x, (b) 2500x%, and (c) EDS composition analysis

3. RESULTS
3.1. Coal bottom ash (CBA) analyses

The crystal phases detected from CBA are shown in Figure
1a, which include quartz (SiO3), calcium sulfate (CaSQ,), and
calcite (CaCOs) as the dominant peaks. FTIR analysis in Figure
1b was conducted to characterise the functional groups that
predominated in the CBA structure. XRD analysis confirmed
characteristic peaks for quartz at 1119.45 and 875.47 cm for
Si-O asymmetric vibration, at 605.48 cm™ for Si-O and Al-O
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vibrations, 797.17 and 679.13 cm for Si-O-Si and Al-O-Al.
The characteristic peak for calcite was found at 1428.87 cm
for C-0. Other detected functional groups included hydroxyls
at 3440.79 cm?, corresponding to the O-H vibration
(Makgabutlane et al., 2020; Mokgehle et al., 2020; Zainal
Abidin et al., 2017).

The surface morphology and elemental analysis of
the CBA sample were studied using SEM-EDS, as shown in
Figure 2. SEM photos showed that the CBA particles were
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mostly spherical with an average diameter of 20 pm, which
represents amorphous aluminium silica (Argiz et al., 2017). In
line with XRD and FTIR analyses, EDS results confirmed the
presence of Al, Si, Ca, C, and O in the CBA structure. A small
percentage of Fe (magnetite) was also found, at less than 4%.

3.2. Zeolite analyses

X-ray diffraction is used as one basic yet powerful tool for
zeolite characterisation. This analysis is instrumental in
confirming the phase compositions and structures of zeolites
and related microporous materials. The XRD analysis results
for zeolite synthesised with a CBA to NaOH ratio of 1:2 at
varying temperatures of 65°C, 80°C, and 95°C highlight the
significant influence of temperature on zeolite phase
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formation (Fig. 3a). The sodium silicate hydrate peaks
appeared at 26 values of 20.89°, 26.65°, 29.33°, and 31.34° at
65°C. A similar trend was observed at 80°C, with zeolite peaks
at 20 values of 18.95°, 26.65°, 29.08°, and 31.33°. These
patterns indicate the formation of ZSM-23 zeolites (marked
by z). However, phase X was observed at 26 values of 24.19°
and 24.26° in both 65°C and 80°C, as per JCPDS card no. 28—
1036, indicating incomplete conversion. A pattern was
observed at 95°C, with more distinct and sharper zeolite
peaks, confirming the complete formation of ZSM-23 (Zeolite
Socony Mobil-23) as per the JCPDS card number 43-0582.
Additionally, no phase X was observed in the 95°C XRD
pattern, indicating a higher purity of ZSM-23. The XRD pattern
of ZSM-23 was observed at 26 values of 13.90°, 19.02°,
20.81°, 24.22°,26.58°, 31.26°, 35.49°, and 42.64°.
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Figure 3. Diffractograms of zeolite product at (a) CBA to NaOH ratio of 1:2 and different temperatures, (b) 95°C and different
CBA to NaOH ratios
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Figure 4. FTIR spectra of various zeolite samples
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The effect of CBA to NaOH ratios on zeolite formation was
also studied by conducting 1:1, 1:1.5, and 1:2 reactions at
95°C (Fig. 3b). Similar peak patterns were observed for CBA to
NaOH ratios of 1:1 and 1:1.5, with zeolite peaks detected at
20 values of 13.8°, 20.8°, 26.6°, 31.3°, and 43.0 °. However,
sodalite peaks also appeared in both products according to
the JCPDS card no. 43-0141 (Arnelli et al.,, 2018). The
formation of ZSM-23, a more desired product, was confirmed
when the CBA to NaOH ratio was 1:2, a favourable ratio due
to its higher surface area and better crystallinity (ACS
Material, n.d.).

FTIR analysis (Fig. 4) showed that the hydroxyls (O-H)
vibration was observed in all zeolite samples at around 3400
cmt. Characteristic vibrations for Si-O or Al-O at 1400 cm
and 1000 cm™ were observed for all zeolite samples. Double-
ring structures of zeolite compounds resulted in vibrations at
around 620-630 cm™, with peak sharpness signifying strong
zeolite characteristics. Additional vibrations associated with
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O-H bonding from water molecules were detected at 2930-
3650 cm?, 2500 cm™®, 1630 cm™, and 650-950 cm™ (Almeida
et al., 2025).

SEM analysis confirmed the surface morphology of the
zeolite product (Chen et al, 2020), with photos at
magnifications of 10,000x and 20,000x shown in Figure 5. It
was clear that the zeolite had the typical needle-shaped
morphology. Zeolite resulting from a CBA to NaOH ratio of 1:1
exhibits a subtle needle-like morphology. However, as the
NaOH ratio increases, the zeolite products show more distinct
needle-like morphology, as evident upon 20,000x
magnification.

The BET analysis was conducted to measure the surface
area and porosity of the zeolite samples, as shown in Table 1.
The zeolite with a CBA to NaOH ratio of 1:2 exhibits the
highest surface area of 433 m? g* and a pore volume of 1.18
cm? g, Other zeolite products have surface areas of less than
60 m? g1, which is lower than that of the raw bottom ash.

Figure 5. SEM photos of zeolite products with CBA to NaOH of (a) 1:1 at a magnification of 10,000x (b) 1:1 at a magnification
of 20,000, (c) 1:1.5 at a magnification of 10,000x (d) 1:1.5 at a magnification of 20,000x, (d) 1:2 at a magnification of
10,000x (f) 1:2 at a magnification of 20,000x

150



Yuliani et al.

SAINS TANAH — Journal of Soil Science and Agroclimatology, 22(2), 2025

Table 1. Surface area, pore volume, and pore diameter of zeolite samples

Sample name

Surface area (m?/g)

Pore volume (cm?/g) Pore diameter

(nm)
CBA 208.876 0.2714 157.29
Zeolite with a CBA to NaOH ratio of 1:1 59.128 0.6316 158.21
Zeolite with a CBA to NaOH ratio of 1:1.5 48.837 0.5864 221.76
Zeolite with a CBA to NaOH ratio of 1:2 433.517 1.1810 178.98
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Figure 6. (a) The adsorption capacity of zeolite with a CBA to NaOH ratio of 1:2 for AMX and (b) its adsorption efficiency
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Figure 7. Adsorption isotherm plots: (a) Langmuir and (b) Freundlich

3.3. Adsorption study

Based on the confirmation of ZSM-23 formation derived
from XRD and SEM analyses, the adsorption study was only
conducted on the zeolite with a CBA to NaOH ratio of 1:2.
Adsorption data are presented in Figure 6. The adsorption
capacity of the zeolite was measured to be above 670 mg g*
at an AMX concentration of 5 ppm.

Two adsorption isotherm models, the Langmuir and the
Freundlich models, were used to analyze the adsorption data
(Fig. 7). The data were plotted using Langmuir and Freundlich
isotherms, and the conformity of the data with these
isotherms was compared. The data plots fitted the Langmuir
isotherm model better than the Freundlich model, with a
correlation factor (R?) value of 0.9328. On the other hand, the
Freundlich plot shows poor alignment with a correlation
factor value of 0.2071.

4. DISCUSSION

Based on the results of the XRD and FTIR analysis (Fig. 1),
the peak composition obtained confirms the typical CBA as
reported in the literature (Kalinkin et al., 2020). Minerals such

as quartz, calcite, mullite, hematite, and portlandite are
commonly found in the mineral composition of biomass
ashes, although their amounts may vary across different
samples. SEM-EDS photo showing a small presence of Fe is
desirable for zeolite synthesis because it can inhibit zeolite
formation (Fig. 2). During the conversion of SiO; and Al,O3 to
zeolite, magnetite can act as a contaminant, leading to the
formation of other mineral phases, such as sodalite (Su et al.,
2023).

Zeolite synthesis using the hydrothermal method was
selected due to the lower operational temperature and the
high crystallinity of the resulting product. Factors affecting
the hydrothermal reaction include temperature and sodium
hydroxide composition in the reaction mixture (Asgar Pour et
al., 2023). Based on the XRD analyses (Fig. 3a), it is known that
the higher the operating temperature, the greater the
collision frequency and reaction rate, resulting in a more
crystalline zeolite phase in the diffractogram. This confirms
that the nucleation mechanism and crystal growth in the
crystallisation process are affected by temperature (Asgar
Pour et al., 2023). Additionally, NaOH acts as an activator in
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forming silicate aluminates in the aqueous solution during
zeolite formation. Hence, higher NaOH concentration may
facilitate better conversion (Fig. 3b). Meanwhile, based on
the results of the FTIR analysis shown in Figure 4, a wider O-H
peak was detected in the zeolite product compared to that of
the CBA, due to the formation of more hydrogen bonds from
the sodium salt attached to the zeolite (Schroeder et al.,
2022). Moreover, incorporating sodium into the zeolite
structure increases its hygroscopicity compared to CBA
(Touloumet et al., 2023). The XRD analyses confirmed the
presence of the zeolite phase resulting from CBA conversion.
The 20 values were extracted from the diffractogram data
and compared to the JCPDS card number 43-0141, confirming
the ZSM-23 type. Additionally, the SEM analysis also shows a
needle-like morphology (Fig. 5), common to ZSM-23-type
zeolites (Chen et al., 2020; Chen et al., 2017; Uvarkina et al.,
2015). This needle-like shape was more evident at the CBA to
NaOH ratio of 1:2, indicating a more complete conversion.

Several factors that influence the performance of zeolite
as a sorbent material are surface area and porosity. Based on
the BET results, the zeolite with a CBA to NaOH ratio of 1:2
has the highest surface area and pore volume, with the values
of 433 m? g? and 1.18 cm?® g, respectively (Table 1). Zeolite
samples with CBA to NaOH ratios of 1:1 and 1:1.5 showed
very low porosity and surface areas, suggesting partial
conversion and incomplete pore formation. This suggests that
the zeolite with a CBA to NaOH ratio of 1:2 may perform
better than other sorbent samples and was chosen for the
adsorption study.

The adsorption study was conducted using only the zeolite
with a CBA to NaOH ratio of 1:2 as sorbent materials for a
model amoxicillin (AMX) solution at pH 5, based on the
literature (Jafari et al., 2018). Residual AMX concentrations
were determined using LC-MS/MS, a highly sensitive
instrument for antibiotic concentration measurement in
aqueous solution (Radovanovic et al., 2022). Based on the
adsorption data obtained, the adsorption efficiency
decreased at higher AMX concentrations (Fig. 6), possibly due
to the saturation of the zeolite surface (Balarak et al., 2017).

The adsorption mechanism was studied by plotting the
adsorption data using the Langmuir and the Freundlich
isotherm models. Isothermal modelling indicates a better fit
with the Langmuir isotherm model, which assumes
monolayer adsorption of adsorbate molecules on the sorbent
surface (Butyrskaya, 2024), primarily driven by electrostatic
interactions (Kecili & Hussain, 2018). The zeolite surface is
negatively charged, and the AMX molecule has -NH3* anionic
species; these opposite charges attract each other, resulting
in an electrostatic interaction. This possible interaction is
depicted in Figure 8. The electrostatic interaction
that occurred may lead to the adsorption of AMX onto
the zeolite surface via a chemical interaction (or
chemisorption). However, due to the high surface area of
ZSM-23 zeolite, the physisorption (via available pores) may
also play a significant role (Travkina et al., 2024). Therefore, it
can be concluded that both chemisorption and physisorption
play important roles in the adsorption mechanism of AMX
onto ZSM-23 (Ray et al., 2020).

SAINS TANAH — Journal of Soil Science and Agroclimatology, 22(2), 2025

OH HO
HO_ / \

AL _Si -
[T N, ‘f” electrostatic
HO. J ~.) : acti
A ,‘\F?‘DH interaction NHE
S |‘I
HOT N, o NH H
/ \ oM HO P s
\ 5
HO—Af- & o CHy
[ ™ 0"’ NoH o N.
Ho o 9 / Y CHs
N O B
SIT AL _
Ho” oM / ToH of\o

HO

Figure 8. Proposed interactions between AMX and ZSM-23

The adsorption data were analyzed based on a single
measurement; this approach could be improved by adding
more replication and varying the concentration values. The
zeolite synthesis may also benefit from increasing the
temperature to above 100 °C to determine if the ZSM-type
remains prevalent or if other zeolite phases have arisen. The
adsorption mechanism study may also be improved by adding
other isotherm models to see how the data fits, such as the
Temkin, Sips, or Redlich-Peterson models.

5. CONCLUSION

The coal bottom ash (CBA) has been successfully
converted to a ZSM-23 type zeolite at a CBA-to-NaOH ratio of
1:2 and 95°C. The zeolite was confirmed to have a needle-like
morphology and a high surface area of 433.517 m? g. Upon
its utilisation as a sorbent material for amoxicillin (AMX)
adsorption, the maximum adsorption capacity was 673.5m g
!, The adsorption data were plotted using adsorption
isotherm models, and the result indicated alighment with
the Langmuir isotherm model. The adsorption mechanism
was assumed to form a monolayer adsorption, probably via
electrostatic interaction. However, considering the high
surface area of the zeolite, physisorption may also
predominate as an alternative mechanism.
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