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Heavy metal contamination in pharmaceutical wastewater remains a
critical environmental concern due to the toxicity of Ni, Fe, Cr, and Pb.
This study evaluates aluminum oxide (Al:0s) nanoparticles as an
efficient adsorbent for the removal of these heavy metals from
pharmaceutical effluents. Al-Os nanoparticles were synthesized via a
controlled precipitation method and characterized using  X-ray
diffraction (XRD),  high-resolution scanning electron microscopy
(HRSEM), Energy dispersive X-ray (EDX), High-resolution transmission
electron microscopy (HRTEM), and Selected area electron diffraction
(SAED). The XRD patterns confirmed the formation of highly crystalline
a-Al20s, while HRSEM images revealed well-defined spherical particles
with porous networks, and EDX spectra verified the presence of
aluminum and oxygen, indicating high purity. HRTEM and SAED
demonstrated distinct lattice fringes and polycrystalline diffraction
rings. BET analysis showed a high surface area and mesoporous
structure, enhancing adsorption potential. Batch adsorption experiments
assessed the effects of contact time, adsorbent dosage, and temperature
on removal efficiency. Results indicated rapid adsorption within the first
30 minutes, reaching equilibrium at approximately 50 minutes. Also,
removal efficiency increased with dosage, achieving nearly 100%
removal at 0.6-0.7 g. Adsorption improved at higher temperatures,
indicating an endothermic process. BET isotherm modeling
demonstrated strong adsorption affinity, particularly for Cr. Kinetic
analysis showed that metal ion uptake followed a pseudo-second-order
model, signifying chemisorption. Thermodynamic parameters (4G < 0)
confirmed the spontaneity of the process. Overall, Al-2Os nanoparticles
demonstrate strong potential as a low-cost and environmentally
sustainable adsorbent for the treatment of heavy-metal-laden
pharmaceutical wastewater.

© 2026 RJEES. All rights reserved.

1. INTRODUCTION

Pharmaceutical industries generate large volumes of wastewater containing a complex mixture of
organic and inorganic contaminants, including persistent heavy metals (Anliker et al., 2020; Samal et
al., 2022; Wilkinson et al., 2022). These effluents contribute significantly to environmental pollution
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and water scarcity challenges, particularly in developing regions (Chowdhary et al., 2020; Baggio et
al., 2021). Among these pollutants, nickel (Ni), iron (Fe), chromium (Cr), and lead (Pb) are of particular
concern due to their toxicity, persistence, and tendency to bioaccumulate in aquatic systems (Ali et al.,
2021; Alagan et al., 2023). Exposure to these metals poses serious health risks, including neurological
damage, carcinogenicity, and organ dysfunction (Jaishankar et al., 2014; Alagan et al., 2023). Their
continuous discharge into the environment poses serious risks to public health and ecological stability,
making effective removal strategies essential, (Pratap et al., 2023).

Conventional treatment methods such as chemical precipitation, ion exchange, coagulation—
flocculation, and membrane filtration are widely used but often suffer from limitations including high
cost, sludge generation, and reduced efficiency at low contaminant concentrations (Ahmed et al., 2021;
Altowayti et al., 2022; Nahiun et al., 2021). Adsorption has emerged as a promising alternative due to
its operational simplicity, cost-effectiveness, and high efficiency for removing trace heavy metals
(Aktar, 2021; Rathi and Kumar, 2021). The effectiveness of adsorption processes largely depends on
the characteristics of the adsorbent, including surface area, pore structure, and functional groups (Al-
Ghouti and Da'ana, 2020; Saleh, 2022).

Nanomaterials—particularly metal oxide nanoparticles—have gained increasing attention due to their
high surface area, tunable physicochemical properties, and enhanced reactivity (Abid et al., 2022;
Saravanan et al., 2022; Pandey et al., 2022). Aluminum oxide (Al:Os) nanoparticles are especially
attractive as adsorbents because of their thermal stability, low cost, chemical inertness, and strong
affinity for metal ions (Ziva et al., 2021; Mohammed et al., 2020). Their surface hydroxyl groups enable
adsorption through ion exchange, electrostatic interactions, and surface complexation mechanisms
(Kosmulski, 2020; Singh et al., 2021). Additionally, Al.Os-based nanomaterials have demonstrated
promising performance in removing various heavy metals from aqueous systems (Bonyadi et al., 2023;
Sassi et al., 2021; Hassan and Mousa, 2023).

Although numerous studies have explored nanomaterials for wastewater remediation, limited research
has focused on the simultaneous removal of multiple heavy metals such as Ni, Fe, Cr, and Pb from
pharmaceutical effluents using Al:Os nanoparticles (Khan et al., 2022; Damiri et al., 2022).
Pharmaceutical wastewater presents unique treatment challenges due to its complex composition,
variable pH, high organic load, and presence of competing ions (Ghazal et al., 2022; Moghaddam et al.,
2023). These factors can significantly influence adsorption efficiency and mechanism (Chen et al.,
2022; Awang et al., 2023). Therefore, evaluating adsorbents under realistic pharmaceutical wastewater
conditions is crucial for developing scalable and effective treatment technologies.

This study aims to synthesize Al:Os nanoparticles and evaluate their efficiency in removing Ni?*,
Fe?/Fe3*, Cr¢*, and Pb?" from pharmaceutical wastewater. Comprehensive characterization using XRD,
HRSEM, EDX, HRTEM, and SAED was conducted to understand the structural and surface properties
influencing adsorption,( Zakharov et al., 2021). Batch adsorption experiments were performed to
investigate the effects of pH, adsorbent dosage, contact time, and initial metal concentration (Yadav
and Dasgupta, 2022). Furthermore, kinetic, isotherm, and thermodynamic analyses were employed to
elucidate the adsorption mechanisms (Chen et al., 2022; Al-Ghouti and Da'ana, 2020). The findings
provide valuable insight into the potential of Al.Os nanoparticles as efficient and sustainable adsorbents
for heavy metal remediation in pharmaceutical wastewater treatment systems.

2. MATERIALS AND METHODS

2.1. Materials

Aluminium trioxonitrate (V) (Al (NO;)3) were obtained from BDH Chemicals England at 99% purity.
Other chemicals used in this work were acquired from Sigma-Aldrich. The analytical-grade chemicals
and reagents were used without additional purification.
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2.2. Sample Collection and Pretreatment

Pharmaceutical wastewater samples were collected from Dana pharmaceuticals LTD Minna, Niger
State, Nigeria. Samples were obtained from various points within the wastewater treatment system to
capture a comprehensive overview of the wastewater characteristics. Upon collection, the samples were
transported to the laboratory under refrigerated conditions to prevent any alteration in their chemical
composition. Prior to analysis, the samples underwent a pre-treatment process to remove large
particulates and debris. This involved the use of filtration and centrifugation techniques to clarify the
samples, ensuring that subsequent analytical procedures could be performed accurately and reliably.
The pre-treated samples were then stored in appropriate conditions for further analysis.

2.3. Methods
2.3.1. Production of AlO3 nanoparticles

The Al>O3 nanoparticles were synthesized using the sol-gel technique. Initially, 10 g of Al (NO3)3*9H20
were fully dissolved in 150 cm?® of de-ionized water to achieve a 0.18 M concentration. The solution
was stirred at room temperature with a magnetic stirrer, and then 15 cm? of ethanol was added dropwise.
The temperature of the solution was gradually increased to 80 °C, with the pH maintained between 2
and 3. After stirring for 40 to 45 min to allow for gradual evaporation, a sol-gel solution was formed.
The resulting product was dried in an oven at 80 °C for 3 h, then cooled to room temperature, yielding
a dry white powder (Mohammed et al., 2020).

2.3.2. Characterization of adsorbent

Analytical methods such as XRD, HRSEM, and HRTEM coupled with EDS, and BET was used to
characterize the Al,O3 nanoparticles. The synthesized samples were extensively characterized to assess
their structure, composition, and surface properties. Powdered X-ray diffraction (XRD) was employed
to identify mineral phases and evaluate graphitization, with diffractograms recorded over a 20 range of
20°-90°. Morphological features were examined using high-resolution scanning electron microscopy
(HRSEM). For imaging, 0.05 mg of the sample was mounted on carbon adhesive tape, sputter-coated
with Au-Pd, and observed at 5 kV. HRSEM equipped with energy dispersive spectroscopy (EDS)
further revealed the elemental composition of the adsorbent. Structural details were analyzed using
high-resolution transmission electron microscopy (HRTEM). Here, 10 mg of sample was ultrasonically
dispersed in methanol, applied onto a copper grid, dried, and examined. Surface area and pore size
distributions were determined via Brunauer—Emmett-Teller (BET) analysis. Samples (0.5 g) were
degassed under nitrogen at 90 °C for four hours, weighed to confirm mass loss, and analyzed using
liquid nitrogen adsorption

2.3.3. Batch adsorption process

The study evaluated how contact time, adsorbent dosage, and temperature affect the removal of metal
ions from wastewater using various adsorbents. To assess contact time, 0.2 g of each adsorbent was
mixed with 50 cm? of wastewater and agitated at 150 rpm for intervals ranging from O to 30 min. After
filtration, residual metal concentrations were measured by atomic absorption spectrometry (AAS) to
identify the optimum contact time. The influence of adsorbent dosage was examined by varying the
amount from 0.3 to 1.0 g while maintaining the optimum contact time, under the same agitation
conditions. Additionally, temperature effects were studied by treating wastewater samples with 0.2 g of
adsorbent at temperatures between 30 °C and 70 °C in a water bath, again using the optimum contact
time. All experiments included filtration through Whatman No. 42 filter paper before AAS analysis.
The initial and final concentrations of targeted pollutants were determined. The percentage adsorbed
and the adsorption capacity were calculated using Equations 1 and 2.

% Adsorbed = =S¥ 100 (1)

o}
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where g, is the adsorption capacity or the amount of equilibrium adsorption in mg/g, C,, is the initial
metal concentration in mg/L, C, is the metal concentration at equilibrium or metal concentration at any
time, t in mg/l, V is the volume of the solution, and m is the mass of the adsorbent used.

2.3.5. Adsorption kinetics

The kinetics of adsorption of metal ions from wastewater on the adsorbents were studied by applying
the pseudo-first-order and pseudo-second-order models. The linear forms of these equations and their
relation plots are as follows:

In(ge — q¢) = Inge — k4t (3)

t 1 1
— =t 4
ar k92 e @)

where q, and q; are the amount of metal ion adsorbed per unit mass of the adsorbent (mg/g) at
equilibrium time and time t, respectively, k; is the pseudo-first-order rate constant and k,, is the pseudo-
second-order rate constant.

The Elovich equation describes the adsorption kinetics, assuming a heterogeneous distribution of
adsorption energies or activation energies.

1
Q = zIn(ap) +In(Bt) )

Where «a is the initial adsorption rate (mg/g min), and £ is surface coverage constant in equation 5

above, activation energy for chemisorption.

2.3.6. Thermodynamic parameters

The mechanism of adsorption was investigated using thermodynamic parameters such as change in
Gibbs free energy (AG), enthalpy (AH), and entropy (AS). Thermodynamic parameters were calculated
at various temperatures using the following equationS:

— Qe
Kq = C. (6)
AG = —RTInK4 7
AG = AH — TAS (8

In Equation 8 the values of AG, AH, and AS were measured in kJ/mol, kJ/mol, and J/molK respectively.
T is the absolute temperature (K), R is the universal gas constant (8.314 J/molK).

3. RESULTS AND DISCUSSION
3.1. Characterization

For aluminum oxide (Al,O3), or alumina, XRD peaks appearing at 20 positions of 39.44°, 44.42°,
56.40°, 64.14°,74.37°, and 82.12° reflect diffraction from certain planes of its crystal structure Figure
1. The a-Al,O3 (corundum phase) is the most stable and thermodynamically favored phase of Al,Os. Its
XRD peaks align with its standard diffraction pattern. These results are in agreement with the JCPDS
card 46-1212, a standard generally accepted for a-Al,O3 (Suaebah et al., 2024; Mukhopadhyay et al.,
2024). The intensity and sharpness of the peaks indicate that they are highly crystalline in nature.
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Figure 1: The XRD Patterns of ALOs,

The HRSEM observation of Al,O3 gave useful information about the morphological and microstructural
features of the material (Figure 2a). The micrographs reveal well-defined grain formations, reflecting
the high crystallinity of the alumina formed. The uniform distribution of the grains, as well as the clear
grain boundaries, indicates a controlled synthesis process with reduced defects and agglomerates. The
HRSEM picture shows that the Al>Os; nanoparticles are mostly spherical in nature, with an established
network of pores. The interconnecting pores in the alumina matrix enable improved diffusion of the
reactants and products (Ren et al., 2024).
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Figure 2: HRSEM image and EDX spectrum of aluminum oxide (Al,O3)

The EDX spectrum of Al,Oj; reveals prominent characteristic peaks for aluminum (Al) and oxygen (O),
indicating the presence of the anticipated constituents (Figure 2b). The aluminum peaks are prominent
at 1.49 keV (Ka) and 15 keV (KB), and oxygen is prominent at around 0.52 keV. For instance, Bokhary
et al. (2022) reported that EDX of aluminum oxide nanoparticles showed the presence of only aluminum
and oxygen, which suggests excellent purity and confirms the stoichiometric constitution of Al,Os as
expected. Similarly, Attia et al. (2022) determined that the EDX spectrum of Al,O3; nanoparticles that
were modified presented broad peaks of aluminum and oxygen in notable abundance, again confirming
the occurrence of both elements in their expected proportion. Their hardness quantifies stoichiometric
Al>O3 formation by its proximity to 2:3 ratio between the aluminum atoms to oxygen, representing the
strongly established oxide system. Any other peaks lacking indicate high-purity Al>Os. The consistent
peak distribution of Al and O in different areas of the scan implies uniform composition, while the
fluctuations may indicate phase segregation or material inhomogeneity.
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The HRTEM image of Al:Os in Figure 3(a) reveals crystalline domains, and the SAED pattern in
Figure 3(b) of Al,O3 confirms its crystalline nature with diffraction spots indexing to the (110), (113),
and (202) planes of the corundum phase. The SAED patterns display rings, which are indicative of a
polycrystalline nature. For instance, Ikram et al. (2023) verified that the phase of Al,O3 can be verified
by diffraction peaks that belong to the (110), (113), and (202) planes, indicating its corundum structure.
Similarly, Zhao et al. (2022) stated that the observation of SAED patterns can indicate the
polycrystalline nature of materials, in agreement with the findings for Al,O3, where the rings in the
SAED pattern match numerous orientations of crystallites. In addition, the work of Li et al. (2024)
identifies the importance of diffraction peak analysis in determining the microstructural nature of
aluminum-based compounds, corroborating the fact that the (110) plane has a distinctive function in
determining the crystalline nature of these compounds.

200 o% e

Figure 3: HRTEM and SAED images of Al,O3

The plot of adsorption-desorption isotherm curve for Al2Os is shown in Figure 4. The results of BET
show that Al,Os has a surface area of 72.38 m?/g. The large surface area of AlO; indicates that it may
provide a high number of active sites for adsorption. The result also shows that Al,O3; possesses a pore
size of 8.041 nm. Al,O3 having an intermediate pore size, would allow for the adsorption of smaller
molecules but still provide sufficient porosity to guarantee efficient mass transfer.

3.2. Removal of Heavy Metals
3.2.1. Contact time

The performance of removal of Cr, Pb, Fe and Ni ions using Al,O3 was examined with time (Figure.
5). From the figure, it can be observed that with the increase in contact time, the efficacy of adsorption
raises to a peak point. At the initial phase, within 10-30 min, the adsorption rate goes high in all the
adsorbents. This quick removal is due to the presence of multiple active binding sites, which allow
metal ions to rapidly adsorb onto the adsorbent surfaces (Kaur et al. 2022). Between 30 and 40 min,
adsorption continues to increase but at diminishing rates, indicating that active sites are being filled
more and more. Competition among metal ions for fewer available binding sites results in a decrease in
the rate of adsorption. At 50 min, there is a point of near saturation with little further removal taking
place. The trend in the data follows general adsorption principles where there is a fast initial step
followed by a slow diminution in the rate of adsorption with increasing saturation of the adsorbent
surface (Mayilswamy et al. 2025). The trend follows from previous research work on metal ion removal,
where equilibrium is generally attained once binding sites are all occupied.



22

J.N. Okoye et al. / Nigerian Research Journal of Engineering and Environmental Sciences
11(1) 2026 pp. 16-29

26
24
& 2]
~
?"IE 20 -
é 18 -
7 16
N’
g 14 -
2 124
g 4
§ 10
R
2 o
< 4]
2]
0 T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P )
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Figure 5: The effect of contact time on the removal of some metal ions using Al,O3

3.2.2. Dosage

The removal of Cr, Pb, Fe, and Ni ions at different dosages of adsorbent is depicted in Figure 6. The
figure indicates that the dosage of the adsorbent is raised to increase the percentage removal of the metal
ions. At a low dose (0.3 g), the removal is extremely low, with Al,O3 showing 52.1% removal, removal
efficiency increases tremendously due to the enhanced availability of active adsorption sites up to a
level where the removal for all the adsorbents at 0.7 g and more is approximately 100%. The observed
trend follows the postulation that higher adsorbent doses yield more functional groups and active
surface areas for Pb adsorption, thus contributing to improved removal effectiveness (Mahesh et al.
2022). For instance, at 0.5 g, AlbO3; removes 79.04% of Pb and at 0.6 g, this observation validates the
assumption that while increasing the adsorbent dose increases metal ion removal, there is a threshold
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beyond which more adsorbent makes no difference. This saturation is due to an overload in adsorption
sites and an overlap of active surface areas, preventing further Pb(Il) ions from efficiently interacting
with new sites (Hashem et al. 2021). This indicates that there is an optimal dose at the range of
approximately 0.6-0.7 g, beyond which maximum removal is obtained, making further increments in
dosage redundant.
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Figure 6: The effect of dosage on the removal of some metal ions using Al,O3

3.2.3. Temperature

Figure 7 shows that the adsorption of Cr, Pb, Fe and Ni ions increases with temperature for the
adsorbent. This pattern suggests that the process of adsorption is endothermic, i.e., it prefers increasing
heat energy. One possible reason for this trend is that increased temperatures give extra kinetic energy
to the Pb ions in solution, causing them to travel faster toward the adsorption sites. With increased
energy, the ions are able to diffuse more rapidly through the solution and overcome any energy barriers
involved in the adsorption process.
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Figure 7: The effect of dosage on the removal of some metal ions using Al,O3

As aresult, more ions come into contact with and stick to the adsorbent surface. In addition, an increase
in temperature can increase the ion exchange capacity of the adsorbent materials (Wu et al. 2021). This
phenomenon undergoes structural or surface modifications at elevated temperatures that improve its
capacity to adsorb Pb ions. Increased temperature may also affect the surface chemistry of the
adsorbents, potentially increasing the density of the active adsorption sites or their affinity towards
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heavy metal ions. Increased temperatures may also activate the adsorption sites and the maximum
capacity for adsorption at all temperatures, suggesting a synergistic effect among its components. The
temperature-dependent increase in Pb adsorption indicates the endothermicity of the reaction. This can
be due to increased mobility of ions, improved ion exchange capacity, and activation of adsorption sites,
all of which result in enhanced adsorption efficiency at elevated temperatures (Qiu et al. 2021).

3.3. Isotherm Studies

The isotherm parameters in Table 1 offer insights into the adsorption behavior of various metal ions
(Ni, Fe, Cr, and Pb) from pharmaceutical wastewater using different models: Freundlich (F), Langmuir
(L), Dubinin—Radushkevich (D-R), and Temkin (T). The Freundlich model parameters suggest
favorable adsorption, with intensity values (1/n) ranging from 0.496 (Pb) to 0.950 (Cr). All values of
1/n< 1 indicate favorable multilayer adsorption on heterogeneous surfaces. The correlation coefficients
(R?) for all ions (0.9209-0.9620) confirm the suitability of this model, particularly for Cr. These results
align with Mandal et al. (2021) and Li et al. (2022), who reported that the Freundlich model effectively
describes adsorption onto Al,O3 with heterogeneous surfaces, especially at lower concentrations. The
Langmuir constants (gmax) range from 76.50 mg/g (Pb) to 105.68 mg/g (Cr), indicating high monolayer
adsorption capacity, especially for Cr and Fe. The separation factors (K. values) between 0.341 (Pb)
and 0.945 (Cr) further imply favorable adsorption (0 < Ki. < 1). Correlation coefficients (R2 > 0.91)
suggest a good model fit, particularly for Cr (0.9956) and Fe (0.9936). According to Ramraj et al. (2023)
and Vasiraja et al. (2023), a high monolayer capacity and good Ky values reflect strong metal-adsorbent
affinity, especially with porous carbonaceous materials. The D-R model’s mean free energy (E) values
range from 3.920 to 8.163 kJ/mol, indicating that the adsorption mechanism are both physical and
chemical (as E < 9 kJ/mol). Cr again shows the highest adsorption potential (E = 8.163 kJ/mol; R? =
0.9940), suggesting stronger electrostatic interactions, consistent with findings by Mandal et al. (2021).
The model fits all ions well (R? > 0.90), further validating its application for evaluating energy-based
mechanisms. Temkin constants confirm a linear decrease in the heat of adsorption with increasing
coverage. Cr and Fe exhibit higher binding energies (B = 3.742 and 1.341 J/mol, respectively) and
strong correlation coefficients (R? = 0.9915 and 0.9896), suggesting appreciable adsorbate—adsorbent
interactions. These values indicate that metal ion removal is influenced by indirect interactions between
adsorbed species, aligning with Li et al. (2022).

Table 1: Isotherm parameters for the removal of some metal ions from pharmaceutical wastewater

Isotherm Parameter Ni Fe Cr Pb
F K; 0.591 0.602 0.950 0.496
n 1.310 2.018 1.981 2.770
R® 0.9454 0.9519 0.9620 0.9209
L Cmax 85.29 98.15 105.68 76.50
Ky 0.758 0911 0.945 0.341
R® 0.9901 0.9936 0.9956 0.9860
D-R Cmax 51.70 65.16 82.42 44.81
2x107 2x10°® 2x10° 1x10®
E 5.670 7.715 8.163 3.920
R? 0.9880 0.9915 0.9940 0.9715
T A 0.151 0.780 2.923 0.108
B 0.959 1.341 3.742 0.786

R? 0.9783 0.9896 0.9915 0.9621
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3.4. Kinetic Studies

The kinetic data in Table 2 suggest that the adsorption of Ni, Fe, Cr, and Pb ions from pharmaceutical
wastewater follows pseudo-second-order kinetics more closely than pseudo-first-order kinetics. This is
evidenced by the higher correlation coefficients (R?) for the pseudo-second-order model (ranging from
0.9915 to 0.9950) compared to the pseudo-first-order model (ranging from 0.8990 to 0.9335S). These
findings align with several studies in the literature that indicate chemisorption mechanisms dominate
heavy metal adsorption using carbon-based adsorbents. For instance, Melliti et al. (2023) found that the
adsorption of metals like Pb and Cr onto date palm fiber-derived activated carbon followed pseudo-
second-order kinetics, indicating that the rate-limiting step likely involves valence forces through
sharing or exchange of electrons between adsorbent and adsorbate. Similarly, Mubarak et al. (2022)
reported that the core—shell nanocomposite of activated carbon/carborundum@microcrystalline
cellulose followed pseudo-second-order kinetics for metal adsorption, reinforcing the chemisorption-
dominated mechanism. The rate constants (kz) for the pseudo-second-order model were highest for Cr
(6.819 g/mg-min), followed by Fe, Ni, and Pb, indicating that Cr was adsorbed most rapidly. This could
be attributed to Cr's higher electronegativity and smaller hydrated ionic radius, which enhances its
interaction with active sites on the adsorbent, as similarly noted by Prabu et al. (2022). The Elovich
model also provides insights into the adsorption mechanism. Cr and Fe showed relatively higher initial
adsorption rates (o) compared to Ni and Pb, indicating a more reactive interaction between these ions
and the adsorbent surface. This is consistent with Somyanonthanakun et al. (2023), who found higher
Elovich a values for Pb when using nitric acid-modified bagasse-derived carbon, suggesting increased
surface heterogeneity and activation due to treatment.

Table 2: Kinetic parameters for the removal of some metal ions from pharmaceutical wastewater

Kinetic Parameter Ni Fe Cr Pb

1% ki 0.342 0.377 0.414 0.206
qe 57.76 76.81 80.50 45.07
R? 0.9026 0.9187 0.9335 0.8990

2nd k, 4.180 5.109 6.189 3315
q. 81.48 91.13 98.67 72.94
R? 0.9915 0.9950 0.9950 0.9918

Elovich a 0.133 0.718 0.565 0.121
b 0.119 0.145 0.180 0.094
R? 0.9014 0.9240 0.9511 0.8991

3.5. Thermodynamic Studies

The thermodynamic data in Table 3 reveal that the Gibbs free energy change (AG) values for the
removal of Ni, Fe, Cr, and Pb ions from pharmaceutical wastewater are all negative across the studied
temperatures (303-343 K), indicating that the adsorption processes are spontaneous. Furthermore, the
magnitude of AG becomes more negative as the temperature increases, suggesting that higher
temperatures enhance the spontaneity and feasibility of the metal ion removal process. Among the
metals, Pb shows the most negative AG values, ranging from -38.22 kJ/mol at 303 K to -43.27 kJ/mol
at 343 K, indicating the highest affinity of the adsorbent for Pb?*. This trend is followed by Fe (-37.40
to -42.33 kJ/mol), Cr (-37.31 to -42.23 kJ/mol), and Ni (-37.06 to -41.95 kJ/mol). The progressive
increase in the magnitude of negative AG with temperature across all metals confirms the endothermic
nature of the adsorption, aligning with findings from Al-Ma’abreh et al. (2024) and Kongsune et al.
(2021), who reported that higher temperatures increase the kinetic energy of metal ions, promoting
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better interaction with adsorbent sites. The strong negative AG values also suggest chemisorption may
be involved, as similarly reported by Nnaji et al. (2021) for Ni adsorption using palm kernel-based
activated carbon. Chemisorption typically involves stronger bonds and more negative AG values
compared to physisorption. This is supported by Al-Hazmi et al. (2024), who highlighted that adsorption
mechanisms with AG below -20 kJ/mol often indicate chemical interactions. Azam et al. (2022) noted
that enhanced metal ion removal at elevated temperatures implies increased randomness at the solid—
solution interface, which is consistent with the trend observed here. The increase in temperature likely
overcomes activation barriers, facilitating the diffusion of metal ions into internal adsorption sites.

Table 3: Thermodynamic parameters for the removal of some metal ions from pharmaceutical wastewater

AG(k]/mol)
Metal 303 313 323 333 343
Ni -37.06 -38.29 -39.51 -40.73 -41.95
Fe -37.40 -38.63 -39.86 -41.10 -42.33
Cr -37.31 -38.54 -39.77 -41.00 -42.23
Pb -38.22 -39.48 -40.75 -42.01 -43.27
4. CONCLUSION

Al>O3 nanoparticles have been successfully tested and demonstrated to be a promising adsorbent for the
removal of heavy metals from pharmaceutical wastewater. The Al,Os nanoparticles exhibited a
disordered, mesoporous structure with high porosity and oxygen-bearing functional groups, as revealed
by XRD, HRSEM, EDX, and HRTEM analyses, which contributed to its adsorption efficiency. The
Al>,O3 nanoparticles shows a higher affinity for Cr, Pb, Fe, and Ni ions, with Cr being most strongly
adsorbed across all isotherm models, especially the Langmuir and Freundlich models (R? > 0.98), due
to its higher electronegativity and reactivity. Adsorption performance improves with increasing contact
time and temperature, peaking at 50 minutes and demonstrating endothermic behavior driven by
enhanced ion mobility and activation of surface sites. A dosage of 0.6-0.7 g of AlO3 nanoparticles
achieves nearly 100% removal efficiency for the studied metals, indicating optimal saturation of
available sites. Further increases beyond this dosage yield no significant benefits. The adsorption
process follows pseudo-second-order kinetics, confirming chemisorption as the dominant mechanism,
particularly for Pb and Cr. Negative AG values between 303 and 343 K confirm that the process is
spontaneous and thermodynamically favorable. Therefore, AlOs nanoparticles is a sustainable,
efficient material for heavy metal sequestration from pharmaceutical effluents.
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