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ABSTRACT

This study investigated the production and characterization of
Zeolite-A nanoparticles for treating pharmaceutical wastewater.
The Zeolite-A exhibited a surface area of 17.06 m?/g, pore size of
9.206 nm, and pore volume of 0.1946 cc/g, highlighting its
suitability for adsorption. The adsorption efficiency was evaluated
based on contact time, dosage, and temperature. Significant
adsorption occurred within the first 20 minutes for chromium (Cr),
iron (Fe), and copper (Cu), with concentrations reaching near
saturation, followed by minor declines. For Cr, concentrations
peaked at 52.6 ug/g, Fe at 48.32 pg/g, and Cu at 42.31 pg/g,
before slightly decreasing. The effect of adsorbent dosage showed
that increasing the dosage from 0.4 g to 1.2 g significantly
enhanced metal removal, with Cu rising from 34.62 pg/g to 96.12
Mglg, Fe from 41.83 pg/g to 92.15 pg/g, and Cr from 43.51 ug/g to
94.16 pgl/g. Temperature analysis revealed improved adsorption at
higher temperatures, with Cu increasing from 29.1 ug/g at 30°C to
62.15 pug/g at 70°C, Fe from 26.16 pg/g to 55.9 pg/g, and Cr from
28.16 pglg to 73.7 pg/g. These findings suggest that Zeolite-A
nanoparticles effectively remove toxic metals from pharmaceutical
wastewater, offering the potential for large-scale wastewater
treatment.

Keywords: Adsorption, Pharmaceutical, Production, Treatment,
Wastewater, Zeolite-A,

INTRODUCTION

The rapid industrial expansion of pharmaceutical manufacturing,
driven by the growing global demand for medications, has
inadvertently led to a significant environmental challenge: the
release of pharmaceutical wastewater. Pharmaceutical wastewater
contains a complex mixture of active pharmaceutical ingredients
(APIs), organic pollutants, toxic heavy metals, and various other
chemical additives, many of which are persistent and resistant to
conventional wastewater treatment methods. The continuous
discharge of these contaminants into water bodies and poses
severe risks to aquatic ecosystems and contributes to the
development of antibiotic-resistant bacteria, a major public health
threat. Therefore, there is an urgent need for innovative and
efficient treatment technologies that can effectively remove these
contaminants. Among the promising solutions being explored, are
nanotechnology-based ~ materials,  particularly  zeolite-A
nanoparticles, which have gained significant attention due to their
unique structural and physicochemical properties (Mathew ef al.
2023a; Mathew et al. 2024a).

Zeolite-A is a synthetic aluminosilicate characterized by its highly
porous structure, large surface area, and strong ion exchange
capabilities. The material's framework comprises interconnected

alumina (AlO;) and silica (SiO,) tetrahedra, forming a three-
dimensional network of pores and cavities. This unique
configuration provides zeolite-A with exceptional adsorption
capacity, enabling it to selectively trap and remove a wide range of
pollutants, including heavy metals and organic molecules. The
nanoscale form of zeolite-A offers additional advantages, such as
enhanced surface reactivity and increased contact area with
contaminants, making it particularly effective in water treatment
applications. In recent years, the synthesis of zeolite-A
nanoparticles has become a focal point of research, given their
potential to revolutionize the treatment of pharmaceutical
wastewater by providing a more efficient, cost-effective, and
environmentally friendly approach (Kordala, and Wyszkowski,
2024).

The production of zeolite-A nanoparticles typically involves
hydrothermal synthesis, a widely used method known for its ability
to produce high-purity and well-defined nanostructures. This
process involves the reaction of alumina and silica precursors
under controlled temperature and pressure conditions, resulting in
the crystallization of zeolite-A. Key parameters such as
temperature, pH, and reaction time play a critical role in
determining the properties of the synthesized nanoparticles,
including their size, morphology, and surface characteristics.
Furthermore, the use of advanced techniques like sol-gel synthesis
and microwave-assisted hydrothermal methods has enabled
researchers to fine-tune these parameters, achieving optimized
nanoparticles with enhanced adsorption and ion exchange
properties. The characterization of zeolite-A nanoparticles is
essential for understanding their structural features, which directly
influence their performance in wastewater treatment. Analytical
techniques such as X-ray diffraction (XRD), scanning electron
microscopy (SEM), and Fourier-transform infrared spectroscopy
(FTIR) are commonly employed to assess the crystallinity,
morphology, and functional groups of the synthesized material
(Saleh, and Hassan, 2023, Mathew et al. 2024b).

In the context of pharmaceutical wastewater treatment, zeolite-A
nanoparticles offer a multi-faceted approach to pollutant removal.
Their highly porous structure facilitates the adsorption of APIs and
organic pollutants, while their ion-exchange capacity allows for the
effective removal of toxic heavy metals like lead (Pb), cadmium
(Cd), and mercury (Hg). Additionally, the surface properties of
zeolite-A can be modified through chemical functionalization,
enhancing its selectivity and affinity for specific contaminants
(Sodha et al. 2022). This adaptability makes zeolite-A
nanoparticles a versatile material capable of addressing the
diverse and complex nature of pharmaceutical effluents. Moreover,
the use of zeolite-A in a nanoscale form enhances the overall
kinetics of the adsorption process, enabling faster and more
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efficient treatment of large volumes of wastewater. Given these
attributes, zeolite-A nanoparticles represent a promising alternative
to conventional adsorbents, offering a sustainable and high-
performance solution for mitigating the environmental impact of
pharmaceutical wastewater (Akhtar et al. 2024).

In addition, the production and application of zeolite-A
nanoparticles hold immense potential in the field of wastewater
treatment, particularly for addressing the unique challenges posed
by pharmaceutical effluents. The ability of these nanoparticles to
efficiently adsorb a wide range of contaminants, combined with
their tunable surface properties and environmentally benign nature,
positions them as a major material for advancing sustainable water
treatment technologies. As research continues to optimize the
synthesis and functionalization of zeolite-A nanoparticles, their role
in enhancing the efficiency and effectiveness of wastewater
treatment processes is expected to grow, contributing to improved
environmental protection and public health outcomes (Inobeme et
al. 2023; Tripathy et al. 2024). The study aims to determine the
adsorption efficiency, optimize process conditions, and assess the
removal capabilities of some pollutants, contributing to an effective
and sustainable wastewater treatment solution.

MATERIALS AND METHODS

Sample Collection and Pre-treatment

The kaolin sample was obtained from a clay deposit in Shaba-Kolo,
Gbako Local Government Area of Niger State, Nigeria. The
pharmaceutical wastewater sample was collected from one of the
pharmaceutical Industries in Minna, Niger State. The wastewater
was put in a five (5) litre gallon rinsed with diluted hydrogen
trioxonitrate (v) acid. The wastewater samples were now
transported to the laboratory for the determination of some
physicochemical parameters.

Production of zeolite-A

The beneficiated kaolin was calcined at 600 °C for 12 h. The
resulting metakaolin was designated for the synthesis of zeolite-A.
The zeolite was synthesized through the hydrothermal route, which
is a multiphase reaction—crystallization process, as emphasized by
Pereira et al. (2018). This process usually encompasses at least
one liquid phase as well as both amorphous and crystalline solid
phases. Zeolite-A was prepared by alkali treatment of metakaolin
with 5.0 mol/dm3 aqueous NaOH solution at a NaOH/metakaolin
molar ratio of 8:1; Al2Si207 was considered the formula of the
metakaolin. The mixture was maintained under magnetic stirring
and heated at 80 °C for 24 h. The resulting zeolite was washed with
de-ionized water several times and dried at 110 °C.
Characterization of Nano adsorbents

The zeolite-A, nanoparticles were characterized using different
analytical instruments such as XRD, HRSEM, and HRTEM coupled
with EDS and BET (Mathew et al. 2024b; Musah et al. 2024).
Batch Adsorption Process

The batch adsorption experimental studies such as the effect of
time, dosage and temperature carried out using standard methods
as described by Mathew et al. (2024b)

Adsorption Isotherms

Langmuir (1918) and Freundlich (1907) isotherm models were
employed for isothermic experimental data (Mathew et al. 2024c)
Adsorption Kinetics

The kinetics of adsorption of metal ions from wastewater on

nanocomposites was studied by applying the pseudo-first-order
and pseudo-second-order models (Alhalili, and Abdelrahman,
2024)
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Figure. 1: HRSEM images of Zeolite-A

The morphology of the zeolite-A as revealed by the HRSEM
micrograph is shown in Figure 1. Aumond et al. (2022) discussed
the impact of crystal size on the structural quality of zeolites,
highlighting the importance of diffusion issues within zeolite
microporosity during the polymerization process. Ivanova et al.
(2023) demonstrated that the crystallization mechanism
significantly influences crystal size and morphology, leading to
variations in crystal sizes and structures. Additionally, Campoverde
and Guaya (2023) corroborated the well-defined cubic morphology
of LTA zeolite, emphasizing the importance of crystal structure in
zeolite synthesis. The surface morphology observed under
HRSEM reveals the porous nature of zeolite-A, which is crucial for
its function as a molecular sieve. The external (surface) porosity
and surface roughness, which could arise from an undetermined
Na-alumosilicate phase.
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Figure. 2 shows a bright field TEM image corresponding to the
zeolite-A. The study evidenced the presence of the clinoptilolite
phase with cubic morphology. The morphology associated with the
zeolite-A, as shown in Fig. 2 in which granular aggregates with no
defined morphologies can be noticed. EDX analysis complements
HRTEM by identifying the elemental composition of zeolite-A. It
detects the presence and distribution of elements such as silicon,
aluminium, and cations like sodium or potassium within the zeolite
framework (Fig. 3). This finding aligns with the broader
understanding of zeolite structures, which are known to exhibit
diverse morphologies and compositions (Hashishin et al. 2022).
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Figure. 3: EDX images of Zeolite-A

Additionally, the EDX analysis conducted in the study
complemented the HRTEM results by identifying the elemental
composition of zeolite-A, shedding light on the presence of
elements such as silicon, oxygen, aluminium, and other trace
elements inherent to the zeolite structure (Mousavi, 2024). This
information is essential for understanding the chemical

15 20

environment and the ion exchange capacity of zeolite-A, which are
critical factors in its applications. A similar study by Tsacheva
(2024) reported that EDX analysis showed the elemental
composition of zeolites, showing the presence of elements like Si,
0, A, K, and Ca.
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Figure. 4: XRD pattern of zeolite-A
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Table 1: Summary of BET results of zeolite-A Nanoparticles

The XRD pattern of zeolite-A typically shows characteristic peaks Adsorbent Surface area Pore size Pore
corresponding to its crystalline structure (Fig. 4). These peaks are (m?2/g) (nm) volume
sharp and well-defined, indicating a high degree of crystallinity. (cclg)
Zeolite-A exhibits a distinct pattern with prominent peaks around Zeolite-A 17.06 9.206 0.1946

20 values of 9.7°, 12.1°, 15.3°, 22.3°, and 23.8°, which are
attributed to the crystallographic planes of the zeolite framework.
These peaks correspond to the periodic arrangement of silicon,
aluminium, and oxygen atoms within the zeolite structure, reflecting
its cubic symmetry and high degree of order. Previous studies have
also confirmed the high crystallinity of zeolite-A through XRD
analysis, with sharp and well-defined peaks indicating a well-
ordered structure (Hildebrando et al. 2014; Shittu, 2024). Also,
research on zeolites synthesized from natural sources like rice
husk ash, kaolin waste, and low-grade diatomite has utilized XRD
to confirm the crystalline phase and structural characteristics of the
resulting zeolite products (Yao et al. 2018; Karisma et al. 2022).

The BET results in Table 1 reveal insightful details about the
surface properties of the zeolite-A nanoparticles. It exhibits surface
area at 17.06 m?/g, typical of microporous materials, with a pores
size of 9.206 nm, which is characteristic of its microporous nature
while pore volume at 0.1946 cc/g, characteristic of microporous
materials.

Effect of contact time

The effect of contact time on the removal of Cr, Fe, and Cu in
wastewater is depicted in Fig. 5 for Cr, the concentration rose
quickly from 0 to 52.6 at 20 min, with a minor decline to 51.77 at 25
min, suggesting saturation near the 20-min mark. Similarly, Fe
increased from 0 to 48.32 by 20 min, then decreased slightly to
46.04, indicating a similar pattern of reaching near-maximum levels
before a slight decrease. Cu also followed this trend, increasing
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from 0 to 42.31 at 20 min, followed by a small reduction to 40.42.
Overall, all three metals showed rapid increases within the first 20
min, implying fast initial adsorption or reaction rates. For instance,
He et al. (2023) noted that the adsorption capacity for Cr and Cu
increased sharply in the first 60 min, reflecting a fast adsorption
stage where the available sites on the adsorbent are plentiful.
Similarly, Venkatraman et al. (2023) emphasized that during the
early stages of adsorption, the high availability of active sites leads
to increased rates of metal ion uptake, which diminishes as these
sites become saturated. This saturation effect is also corroborated
by Fernandez et al. (2022), who observed that as the concentration
of heavy metals increased, the adsorption rates initially rose but
eventually plateaued as the adsorbent sites became fully occupied.
After 20 min, there is a slight reduction in concentrations,

suggesting either desorption or that equilibrium was nearly
reached. This trend indicates an optimal contact time of around 20
min for maximum retention of these metals. The slight decline in
metal concentrations after the initial increase can be attributed to
desorption processes or the establishment of equilibrium. This is
consistent with the observations made by Zhai and Li (2023), who
indicated that after an initial rapid adsorption phase, the process
slows down as the system approaches equilibrium, leading to the
potential desorption of metal ions. Furthermore, Barus et al. (2023)
discussed how increased concentrations of heavy metals can lead
to a saturation point, beyond which the adsorption rate decreases
due to limited available sites on the adsorbent.
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Figure. 5. Effect of contact on the removal of (a) Cr (b) Fe and (c) Cu using zeolite-A

Effect of dosage

Figure. 6 reveals a positive trend in the concentration of Cu, Fe,
and Cr removal in wastewater as the dosage increases. For copper
(Cu), the concentration rises from 34.62 g at 0.4 g dosage to 96.12
g at 1.2 g dosage. A similar increasing trend is observed for iron
(Fe), where the concentration goes from 41.83 g at 0.4 g to 92.15
g at 1.2 g, and chromium (Cr), which starts at 43.51 g and rises to
94.16 g at the highest dosage. The rate of increase for Cu, Fe, and
Cr is notably sharp between the 0.8 g and 1 g dosages, with Cu,
Fe, and Cr showing a considerably high concentration. Tello-

Galarreta et al. (2023) indicated that increasing the concentration
of the biosorbent enhances the biosorption of heavy metals,
suggesting that higher dosages could lead to more effective
removal and absorption of Cr. This suggests that after reaching 0.8
g dosage, the absorption or effect of the elements intensifies more
than at lower dosages. Comparing the results, Cr consistently has
the highest concentration at every dosage level, followed by Fe and
Cu. The data supports that increasing dosage enhances element
concentration, with Cr having the most significant response to
dosage changes. This trend suggests that Cr might be more
responsive or efficient in absorption compared to Cu and Fe.
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Figure. 6. Effect of dosage on the removal of (a) Cu (b) Fe and (c) Cr ions using zeolite-A
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Effect of pH

Figure. 7 shows the effect of pH on the removal of Cr, Fe, and Cu
from wastewater using zeolite-A. At lower pH (2 and 4), the metal
concentrations are relatively lower for all three elements. This is
likely due to increased solubility of metal ions in acidic conditions,
but their concentration is still constrained by factors like
precipitation or complexation. As pH increases to 6 and 8, the
concentrations of Cr, Fe, and Cu rise significantly, suggesting that
these metals are more soluble in slightly basic conditions, or that
they are more readily available in the solution due to reduced
precipitation (Wang et al. 2022). At pH 8, all metals show their

highest concentrations, particularly Cr and Cu, which could be
linked to optimal solubility conditions or weaker interactions that
promote their presence in solution. At pH 10, the concentrations
slightly decrease for Fe and Cu, possibly due to the formation of
hydroxide precipitates as the solution becomes more basic, which
reduces metal solubility. However, Cr remains relatively high,
indicating that Cr may not be as affected by precipitation at higher
pH.
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Figure. 7. Effect of pH on the removal of (a) Cr (b) Fe and (c) Cu ions using zeolite-A

Effect of temperature

Figure. 8 shows a clear trend of increasing values for all three
materials (Cu, Fe, Cr) as temperature rises from 30°C to 70°C.
Copper shows a steady increase from 29.1 at 30°C to 62.15 at
70°C. Iron also follows an upward trend, but the increase is less
pronounced, moving from 26.16 at 30°C to 55.9 at 70°C.
Chromium shows a more significant increase at higher
temperatures, starting at 28.16 at 30°C and rising sharply to 73.7
at 70°C. At 70°C, Chromium exhibits the highest value, indicating
it may have the greatest response to temperature increase
compared to copper and iron. The temperature sensitivity of
chromium suggests a possible stronger dependence on heat,
potentially due to its different atomic structure compared to the
other two metals (Avila et al. 2022).

The adsorption isotherm results for Zeolite-A in the removal of Cr,
Fe, and Cu were analyzed using three models: Langmuir,
Freundlich, and Temkin (Table 2). For all metal ions (Cr, Fe, Cu),
the Langmuir model provided the best fit, indicated by the highest
R? values, close to 1 (ranging from 0.9842 to 0.9911). The
Langmuir model assumes monolayer adsorption on a surface with
a fixed number of identical sites, which is most suitable for
materials like Zeolite-A that exhibit uniform adsorption behavior.
The ge values (maximum adsorption capacities) also suggest that
Cr has the highest capacity, followed by Fe and Cu, which is in line
with their ionic sizes and interactions with Zeolite-A.

The Freundlich model, which describes adsorption on
heterogeneous surfaces, also fits the data well with R? values
ranging from 0.9742 to 0.9817, though not as perfectly as
Langmuir. The parameter 1/n indicates the favorability of

100 T— adsorption, with values less than 1 for all ions, suggesting that the

90422 adsorption is favorable. However, the Freundlich model assumes

80 multilayer adsorption, which is not representative of the process for

70 4 Zeolite-A. The Temkin model, which accounts for adsorbent-
T 601 adsorbate interactions, showed the lowest R? values (0.9663-
s 597 0.9805), indicating that it is less suitable than the Langmuir and
S 404 Freundlich models for describing the adsorption process of metal

30 4 ions on Zeolite-A.
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Figure. 8. Effect of temperature on the removal of (a) Cu (b) Fe and
(c) Crions using zeolite-A Adsorption isotherm
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Table 2: Isotherm parameters on the removal of Cr, Fe and Cu ion from wastewater using zeolite-A

Metal Langmuir Freundlich Temkin

ion

Cr 47.62 0.325 0.9911 2516 0.412 0..9817 2.115 4.106 0.9805
Fe 32.61 0.247 0.9903 1.806 0.501 0.9795 1.980 3.752 0.9742
Cu 26.52 0.201 0.9842 1.715 0.576 0.9780 1.872 1.002 0.9663

Adsorption kinetics

The adsorption kinetic results for Zeolite-A with different metal ions
(Cr, Fe, and Cu) demonstrate varying adsorption behaviours based
on the applied kinetic models are presented in Table 3. For the
pseudo-first-order model, the R? values are lower for all metal ions,
indicating that this model is not the best fit for describing the
adsorption process. The R? values range from 0.8502 (Cu) to
0.8781 (Cr), suggesting weak correlation between experimental
and predicted data. These lower values imply that the adsorption
process does not predominantly follow first-order kinetics.

In contrast, the pseudo-second-order model provides higher R?
values (0.9603 for Fe, 0.9520 for Cu, and 0.9781 for Cr), which
indicate a stronger fit to the experimental data. This suggests that
the adsorption of these metal ions on Zeolite-A follows pseudo-
second-order kinetics, where the rate-limiting step is likely the

chemisorption process, involving valency forces and sharing or
exchange of electrons between adsorbent and adsorbate.

The Elovich model gives moderate R? values (ranging from 0.7643
for Cu to 0.8145 for Cr), showing that the adsorption mechanism is
not solely based on exponential decay, which would be expected
for a system governed by Elovich kinetics. The pseudo-second-
order model provides the best description of the adsorption kinetics
for all three metal ions on Zeolite-A, confirming that the adsorption
process is likely chemisorptive. The Cr ion shows the highest
pseudo-second-order equilibrium adsorption capacity (45.75
mg/g), suggesting it has a higher affinity for Zeolite-A compared to
Fe and Cu, which may be attributed to its chemical properties and
interactions with the surface of Zeolite-A.

Table 3: Kinetic parameters on the removal of Cr, Fe and Cu ion from wastewater using zeolite-A

Metal Pseudo- Pseudo- Elovich
ion first-order second-
order
Cr 21.34 0.0761 0.8781 45.75 1.129 0.9781 5.62 0.56 0.8145
Fe 15.63 0.0419 0.8648 30.18 0.914 0.9603 3.85 0.29 0.8070
Cu 13.05 0.0316 0.8502 25.90 0.848 0.9520 2.59 0.14 0.7643
Conclusion Alhalili, Z., & Abdelrahman, E. A. (2024). Efficient removal of Zn (1)

The study successfully synthesized Zeolite-A nanoparticles and
demonstrated their potential as an efficient adsorbent for the
treatment of pharmaceutical wastewater. Characterization
techniques, including XRD, SEM, FTIR, and BET surface area
analysis, confirmed the material's high crystallinity, porous
structure, and the presence of functional groups crucial for
adsorption. The synthesized nanoparticles exhibited a high affinity
for removing pharmaceutical pollutants, such as antibiotics and
heavy metals, due to their high surface area and cation-exchange
capacity. Adsorption tests followed pseudo-second-order kinetics
and the Langmuir isotherm model, indicating effective monolayer
adsorption on a uniform surface. The promising results highlight the
ability of Zeolite-A to address challenges associated with
pharmaceutical contaminants in wastewater, which are difficult to
treat with conventional methods. The eco-friendly synthesis
approach, using metakaolin as a precursor, along with the high
adsorption efficiency, underscores the suitability of Zeolite-A
nanoparticles for sustainable wastewater treatment applications.
Future research could explore the material’s reusability and its
performance in real-world scenarios to optimize practical
applications and contribute to environmental remediation efforts.
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