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1. Introduction

In the wake of industrialization and rapid
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Development of FesO4 Nanoparticles for the
Removal of Some Toxic Metals from
Pharmaceutical Wastewater

John T. Mathew*, Monday Musah, Yakubu Azeh and Musa Mohammed

Among the most significant sources of environmental contamination are
pharmaceutical wastewaters, which are often contaminated with heavy
metals that pose significant threats to ecosystems as well as public health.
The nanoparticles was characterized using XRD, HRSEM/EDX and FTIR.
The XRD analysis of the nanoparticles identified 26 (theta), of 30.2°, 36.3°,
44.2°, 54.3°, 58.2°, 63.5°, and 74.6° which correspond to the crystal lattice
planes of (220), (311), (400), (422), (511), (440), and (533), respectively.
The diffraction peaks associated with Fe3O4 at 26 of 18.02°, 29.4°, and
43.3°, related to the crystal planes of (111), (220), and (400), respectively of
the FesOs phase. The HRSEM image of the nanoparticles exhibited
spherical-shaped structures of FesOs, and some irregular shapes. The
effects of the dosage; consequently, the impact of the quantity of adsorbent
used, ranging from 0.1 to 0.3 g, has been investigated. The results indicate
that as the amount of adsorbent is increased from 0.1 to 0.3 g, the
effectiveness of adsorption improves, while temperature, the efficiency
improved from 50.03% to 78.01% for Pb ions, from 52.15% to 82.43% for
Cd ions, and from 56.41% to 88.71% for Cu ions and contact time; the
removal efficiency for Pb ions rises from 25.49% to 68.43%, for Cd ions from
29.30% to 75.71%, and for Cu ions from 31.08% to 78.31%, respectively, on
the removal percentage of toxic metal ions were studied.. This research
offers a sustainable and eco-friendly solution to mitigate toxic metal
contamination in pharmaceutical effluents, protecting the environment and
human well-being while advancing the field of wastewater treatment.
Keywords: Environmental, Metal,
Pharmaceutical, Wastewater.
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from pharmaceutical effluents (Kumar et al.,

population growth, the pharmaceutical industry
has witnessed unprecedented expansion,
contributing to enhanced healthcare but also
generating a significant environmental concern —
pharmaceutical wastewater (Mathew et al.,
2024). This wastewater is laden with diverse
contaminants, including various toxic metals (Pd,
Cu, Cd, Pb and Cr), which can pose substantial
threats to both the environment and human
health (Okoro et al. 2023). The removal of these
toxic metals from pharmaceutical wastewater has
thus become an imperative challenge. To
address this concern, the development and
application of advanced nanoadsorbents have
garnered attention as an innovative and
sustainable solution (Inobeme et al. 2023a).
Among these nanoadsorbents, iron oxide
nanoparticles, particularly FesOs4 nanoparticles,
have emerged as a promising candidate for
efficient and eco-friendly removal of toxic metals
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2021).

Pharmaceutical wastewater contains a complex
mixture of organic and inorganic contaminants,
including various toxic metals, which pose a
significant environmental and human health risk
when released into natural water bodies
(Inobeme et al. 2023b). The presence of toxic
metals in pharmaceutical effluents is primarily
due to their incorporation in drug formulations
and the manufacturing processes. In recent
years, the need for effective and sustainable
treatment methods to remove these hazardous
contaminants has gained considerable attention
(Hejna et al. 2022).

Among various treatment strategies, the
utilization of nanomaterials for adsorption has
emerged as a promising and environmentally
friendly approach for the removal of toxic metals
from wastewater (Adetunji et al. 2022).
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Nanoadsorbents, particularly  iron  oxide
nanoparticles (e.g., Fes04), have shown
exceptional potential in the efficient and cost-
effective removal of heavy metals. Their unique
characteristics, such as high surface area,
tunable surface chemistry, and
superparamagnetic properties, make them well-
suited for wastewater treatment applications
(Ethaib et al. 2022).

The selected toxic metals may include but are
not limited to lead (Pb), cadmium (Cd), and
copper (Cu), all of which are known to have
detrimental effects on the environment and
human health (Mathew et al. 2022). The aim of
this research is to explore the efficiency,
selectivity, and practicality of FesO4 nanoparticles
as an innovative and eco-friendly solution for
addressing the challenge of toxic metal removal
from pharmaceutical wastewater (Elnabi et al.
2023; Inobeme et al. 2023c). By investigating the
feasibility and efficacy of FesO4 nanoparticles as
nanoadsorbents, this study contributes to the
growing body of knowledge in the field of
wastewater treatment and  environmental
remediation, offering a sustainable solution to the
critical issue of toxic metal (Pb, Cd and Cu)
contamination in pharmaceutical effluents.

2. Materials and Methods

2.1 Synthesis of Fe;O4 nanoparticles

A 10.0 g of Fe(NOs)s was dissolved in 100 cm3 of
deionized water in a 250 cm?® beaker under a
continuous stirring using a magnetic stirrer. 0.1 M
sodium hydroxide (NaOH) was added to the
mixture to maintain a pH of 10. The precipitated
nanoparticles were copousily washed with
ethanol and deionized water. After thorough
washing, the nanoparticles were dried in an oven
at 105 °C for 24 h and further calcined at 450 °C
for 3 h (Thoda et al., 2023).

2.2 Characterization of nanomaterials
2.2.1 X-ray diffraction (XRD)

The samples were characterized using Bruker
AXS D8 Advance X-ray diffractometer with Cu
Ka radiation to determine the phase and
crystallite size. The powdered sample was
placed on the aluminium sample holder, the
diffractograms were recorded in the 2 theta
range of 20° to 90° and phase identification was
investigated (Mathew et al., 2023c).

2.2.2 Resolution transmission electron
microscopy (HRTEM)

The morphology and structure of the sample
were characterized using Zeiss Auriga High-
resolution transmission electron microscopy
(HRTEM). The synthesized sample (0.02 g) was
suspended in 10 cm® of methanol and ultra-
sonicated until complete dispersion was
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achieved. Two drops of suspension were
dropped onto a holey carbon grid with the help of
micropipette and later dried through exposure to
photo light.

2.2.3 High-resolution scanning electron
microscopy (HRSEM)

The morphologies of the materials were
investigated using Zeiss Auriga high-resolution
scanning electron microscopy. The sample (0.05
mg) was sprinkled onto carbon adhesive tape
and sputter coated with Au-Pd using Quorum
T150T Analyzer for 5 min. The coated sample
was loaded in the sample holder and operated
with high electron tension at 5 kV for imaging
(Mathew et al., 2023a).

2.2.4 Fourier
spectroscopy
FTIR spectra of the samples were recorded
using a Perkin-Elmer 2000 FTIR spectrometer
fitted with a deuterated triglycine sulphate
(DTGS) detector covering the frequency range of
500-4000 cmt. Ten milligrams (0.01 g) of the
dried samples were evenly dispersed in 200 mg
of spectroscopic grade KBr to record the spectra.
The sample spectra were recorded in 500 to
4000 cm-* wavenumbers (Mathew et al., 2023b).

transform infra-red

2.3 Heavy Metal Determination

About 50 cm?3 of the wastewater sample was
measured into a 100 cm?® beaker with the
addition of 15 cm? concentrated trioxonitrate (V)
solution and 10 cm® of 50 % concentrated
hydrochloric acid. The contents were heated on a
hot plate and 7 cm?® of 50 % concentrated
hydrochloric acid added and heated for 10 min.
The solution was allowed to cool, and then
deionized water was added and filtered into a
100 cm?® Pyrex volumetric flask using Whatman
No 42 filter paper. This was then made up to the
mark with deionized water and stored for further
analysis of toxic metals such as Cd, Pb and Cu
using AAS (Perkin EImer 200 Atomic Absorption
Spectrophotometer) (Sumaila et al. 2016; Adamu
et al. 2017).

2.4 Batch Adsorption Processes

Batch equilibrium adsorption experiments were
performed in order to evaluate the equilibrium
time, obtain adsorption kinetics, adsorption
isotherm and adsorption thermodynamic data.
The removal efficiency (% removal) and the
adsorption capacity, q: (mg/g) of some physical
and chemical indicators from tannery wastewater
solution by adsorbents at different conditions
were calculated using equations 1 and 2.
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The adsorption capacities of the differently

prepared adsorbents were determined as
follows:
% removal = ——— x 100 0
e
(G -C)
=V @

where Cp (mg/dm3) and C; (mg/dm3) are the
initial and equilibrium liquid phase concentration,
respectively; ¥V (dm3) the volume of the solution
and M (g) the mass of the adsorbent.

The adsorption experiments were designed to
carry out the adsorption characteristics of the
beneficiated clay and nanocomposites under
various conditions. The effects of parameters
such as contact time, mass ratio of adsorbent to
the volume of adsorbate and temperature on
some indicator parameters were determined
(Musah et al., 2022).

2.4.1 Effect of contact time

The effects of contact time on the physical and
chemical indicators analysed in this research
using the adsorbents were investigated by
contacting 0.20 g of the adsorbents in each case,
with 100 cm? of the wastewater in a corked 250
cm? conical flask, agitated at 150 rotations per
min (rpm) for O, 5, 10, 15, 20, and 25 min on an
orbital shaker. The samples were analysed after
filtration by Whatman No. 42 filter paper. The
final concentrations of metal ions were analysed
using atomic absorption spectrometer (AAS).
The optimum contact time, especially for the
adsorbents for metal ions sorption from
wastewater were also determined (Musah et al.,
2022).

2.4.2 Effect of adsorbent dose

The effects of adsorbent dosage on the
equilibrium uptake of physical and chemical
indicators from wastewater using adsorbents
were investigated with adsorbent doses of 0.4,
0.6, 0.8, 1.0, 1.2 and 1.4 g, respectively. The
experiments were performed by adding the
known weights of the adsorbents into 250 cm?
flasks containing 100 cm?® of the wastewater
each. The flasks were shaken at 150 rpm at the
optimum contact time of each adsorbent. The
samples were filtered using Whatman paper No.
42 and the concentrations of the metal ions were
measured using atomic absorption spectrometer
(AAS).
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2.4.3 Effect of temperature

The effects of temperature on the equilibrium
uptake of the indicator parameters from tannery
wastewater by adsorbents at the temperature
values of 30, 40, 50, 60, 70 and 80 °C were
investigated. The experiments were performed
by adding 0.2 g of the adsorbent to 100 cm? of
wastewater in 250 cm?® conical flasks. The
corked flasks were shaken in a water bath at
respective temperature for the optimum contact
time. The samples were filtered using Whatman
paper No. 42 and the concentrations of metal
ions were measured using atomic absorption
spectrometer (AAS).

3. Results and Discussion

The X-ray diffraction (XRD) pattern of the FeszO4
nanoparticles that were synthesized and then
subjected to a calcination process at 450°C is
depicted in Fig. 1. The diffraction lines that were
obtained are located at specific angles
corresponding to the crystal lattice planes of
(220), (311), (400), (422), (511), (440), and
(533). These lines closely match those expected
for the tetragonal structure of magnetite (FezOa4),
as indicated by the reference data in the JCPDS
database under file 25-1402. A similar outcome
was also documented by Alamier et al. (2022).
It's important to note that some magnetite
nanoparticles might contain  species  of
maghemite, a related material. However,
distinguishing the standard diffraction reflections
of these species can be challenging due to their
similarities. To estimate the crystal size of the
FesOs4 nanoparticles, the Debye-Scherrer
equation (1) was utilized.

kX _
"~ BCasB 1)
where D is the average FesOs nanoparticle size,
0.89 is Scherrer's constant, 1.54 is the X-ray
wavelength, B is half of the maximum intensity,
and 0 is Bragg’s diffraction angle. The mean
crystallite size of the FesO4 NPs is 20.09 nm.

(331)

Intensity (a.u)

60 70 80 90

10 20 30 a1 o
2theta (Degree)

Fig 1: XRD result of FesO4 nanoparticles

The physical characteristics of the synthesized
FesOs4 nanoparticles were examined through
SEM, as illustrated in Fig. 2. The SEM image
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indicates that the FesOs nanoparticles exhibit a
spherical morphology and are interconnected,
leading to the formation of clusters. This
clustering phenomenon might be attributed to the
inherent magnetic properties of the material,
which causes them to attract and cluster
together. Furthermore, the SEM analysis also
reveals that the adsorbent has a porous
structure. This structural porosity plays a

significant role in improving the efficiency of the
adsorption process.

Fig. 2: SEM image of FesO4 nanoparticles

EDX analysis confirms the presence of iron (Fe)
and oxygen (O) in the sample, which are the
constituents of FesO4 (Fig. 3). This confirms the
formation of the desired iron oxide nanoparticles.
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Fig. 3: EDX spectrum of Fe3O4 nanoparticles

The study involved an exploration of (FTIR)
analysis to discern the distinctive characteristics
of surface functional groups present in FeszOas
nanoparticles. The FTIR spectrum for the
produced FesOs nanoparticles is illustrated in
Fig. 4. The spectrum displays various peaks that
provide insights into the molecular bonds and
functional groups within the sample. The wide
peak observed at 3590 cm™ indicates the
stretching vibration of O-H bonds, representing
hydroxyl (OH) groups. The smaller peak at 2949
cm™! corresponds to stretching vibrations of -CH:
groups. Furthermore, peaks at 1790 cm~! and
1340 cm™ relate to bending and asymmetric
vibrations of C-H bonds, specifically capturing
the characteristics of carbon-hydrogen bonds. A
peak at 1148 cm! signifies the stretching of C-O
bonds, representing the presence of carbonyl
(C=0) groups. Observing the FTIR spectrum,
additional peaks at 900 cm™! suggest C-H
bending vibrations, underlining the presence of
carbon-hydrogen bonds. Peaks appearing at 620
cm™ provide evidence of the successful
synthesis of FesO4 nanoparticles through the Fe-
O stretching vibration mode. Finally, a peak at
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578 cm™ can be attributed to the stretching
vibration of metal-oxygen bonds, specifically
signifying the presence of metals at tetrahedral
sites.
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Fig. 4: FITR spectrum of FesO4 nanoparticles

3.1 Effect of contact time

The impact of the duration of contact (ranging
from O to 30 min) on the process of adsorbing
metal ions using FesO4 nanoparticles has been
depicted in Fig. 5. The data illustrates that the
efficiency of removing these metal ions increases
as the contact time lengthens, eventually
stabilizing at 25 min for the removal of Pb, Cd,
and Cu ions from wastewater. The initial rapid
rise in the adsorption percentage is attributed to
the abundance of available binding sites on the
adsorbent surface for the metal ions to attach.
This outcome is expected, as initially, there are
numerous sites accessible for the adsorption of
metal ions.

However, over time, the remaining vacant
surface sites become harder to occupy due to
the repulsive forces between the metal ions
present in the solid phase and those in the
surrounding mass phase, as pointed out by
Choudhury et al. (2022). Consequently, the
proportion of metal ions that can be removed
increases significantly. Specifically, the removal
efficiency for Pb ions rises from 25.49% to
68.43%, for Cd ions from 29.30% to 75.71%, and
for Cu ions from 31.08% to 78.31%, respectively.
Upon analyzing the percentage removal of metal
ions over different contact times, it becomes
evident that Cu(ll) ions exhibit a higher tendency
to be adsorbed onto FesOs4 nanoparticles
compared to Pb(Il) and Cd(ll) ions.

80

—m— Pb(I 1)
1 —e—caan
cuan

o 5 10 15 20
Contact time (min)

Fig. 5: Effect of contact time on the removal of
heavy metal ions
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3.2 Effect of adsorbent dose

The amount of adsorbent used is another crucial
and highly influential factor that significantly
impacts the process of adsorption and the
capacity of adsorption. Consequently, the impact
of the quantity of adsorbent used, ranging from
0.1 to 0.3 g, has been investigated. The results
indicate that as the amount of adsorbent is
increased from 0.1 to 0.3 g, the effectiveness of
adsorption improves: for Pb ions, the removal
efficiency increases from 75.42% to 98.60%; for
Cd ions, it goes from 80.10% to 99.10%; and for
Cu ions, it rises from 86.04% to 100% (as
illustrated in Fig. 6). This enhancement in the
percentage of metal ion removal can be
attributed to an expanded adsorption surface
area and a greater number of available sites for
adsorption, as pointed out by Song et al. (2021).
With the escalation in adsorbent dosage, more
active sites become accessible for binding metal
ions, resulting in an augmentation of adsorption
efficiency until saturation is reached.

—m— Pb(I1)
—e— cdan

1004 cu@n

90 —

% Removal

80

70 -

60

0.0 0.1 0.3 0.4

0.2
Dosage (g)

Fig. 6: Effect of dosage on the removal of heavy
metal ions

3.3 Effect of temperature

The temperature of a solution significantly
influences the adsorption process, especially in
removing pollutants. Experiments  were
conducted at various temperatures to investigate
this phenomenon, as illustrated in Fig. 7. The
outcomes demonstrated a noteworthy trend.
When the temperature was elevated from 30 to
80°C, there was a noticeable increase in the
maximum adsorption efficiency. For instance, the
efficiency improved from 50.03% to 78.01% for
Pb ions, from 52.15% to 82.43% for Cd ions, and
from 56.41% to 88.71% for Cu ions. This
temperature-dependent enhancement in
adsorption efficiency indicates that adsorbing
metal ions onto FesO4 nanoparticles is driven by
an input of heat; in other words, it is an
endothermic process. This observation aligns
with the findings of Mahanty et al. (2020).

This phenomenon can be attributed to the higher
temperatures facilitating the movement and
penetration of metal ions within the porous
structure of the FesOs nanoparticles. As the
temperature rises, the kinetic energy of the metal
ions increases, allowing them to navigate the
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pores of the adsorbent material better. This
increased mobility overcomes the energy barrier,
known as activation energy that metal ions need
to surpass to be adsorbed. Therefore, the
adsorption capacity of FeszO4 nanoparticles is
notably improved at elevated temperatures due
to the augmented motion and infiltration of metal
ions within the adsorbent's porous framework.
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Fig. 7: Effect of temperature on the removal of
heavy metal ions

3.4 Adsorption isotherm
Adsorption isotherms serve as important tools for
describing the connection between the
equilibrium capacity of an adsorbent (the
substance doing the adsorbing) and the
adsorbate (the substance being adsorbed),
offering valuable insights into the adsorption
process (Musah et al. 2022). This investigation
focused on studying the Langmuir and
Freundlich adsorption isotherms at various
temperatures, as detailed in Table 1. The
Langmuir model assumes that all available
adsorption sites possess identical characteristics
and that the adsorbate forms a monolayer on the
even and uniform surface of the adsorbent. On
the other hand, the Freundlich model is
commonly employed when the adsorbent's
surface is uneven or heterogeneous. The
equations that define these isotherm models are
provided beI?:w;
-] e
—_= 1 — 2
Qe qu+qm @)

Ing, = InKe + ~InC, (3)

where C. is the equilibrium concentration of
substrates in the solution (mg/dm3), g. is the
adsorption capacity at equilibrium (mg/g), 9m is
the maximum adsorption capacity (mg/g) and b is
the adsorption equilibrium constant (L/mg). K
and n are known as Freundlich constants, and
they play important roles in describing the
adsorption process. The parameter 'n' offers
insights into the level of favorability of the
adsorption process. On the other hand, 'K
(measured in milligrams per gram, mg/g)
guantifies the maximum adsorption capacity of
the adsorbent material. The specific values for
these parameters can be found in Table 1.
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Among the various models used to understand
adsorption phenomena, the Langmuir model's
results stood out. This was particularly evident
through the R? values, which indicate how well
the experimental data matches the model's
predictions. In all instances, the R2 values for the
Langmuir model were consistently the highest,
surpassing 0.988. This outcome strongly
suggests that the Langmuir model offers the
most appropriate and accurate description for the
adsorption processes of metal ions onto FesO4
nanopatrticles.

Table 1: Isotherm models of metal ions removal in
wastewater

Full paper

Table 2: Kinetic models of metal ions removal in
wastewater

Kinetic ~ Parameter Pb(ll)  Cd(ll) Cu(ll)
Pseudo- 0.0186 0.0236  0.0682
first-
order k
Qe 45.081 59.013 69.106
R? 0.8422 0.8479 0.8616
Pseudo- 0.784  0.902 1.063
second-
order k;
Qe 91.208 106.258 110.519
R? 0.9237 0.9709 0.9890

Isotherm  Parameter Pb(ll) Cd(In Cu(ll
Langmuir  Kp 0.0038 0.0042 0.0051
Qm 87.10 101.89 128.07
R2 0.9821 0.9886 0.9942
Freundlich EK; 0.341 2.705 4,126
n 0.386 0.612 0.782
R? 0.9682 0.9805 0.9826

3.5 Adsorption kinetic

The kinetics of adsorption plays a crucial role in
assessing the effectiveness of an adsorbent. It
characterizes how quickly a solute is taken up by
the adsorbent material, governing the rate at
which molecules diffuse and the duration they
spend adhered to the solid-solution interface. In
evaluating how well FesO4 nanoparticles work as
an adsorbent, two commonly used kinetic
models—the pseudo-first-order and pseudo-
second-order models—were employed to
analyze the experimental findings. The data in
Table 2 outlines the kinetic parameters for the
adsorption of Ph, Cd, and Cu ions.

Upon analyzing the results, it is evident that the
pseudo-second-order model offers a better
description of the adsorption process using
Fes04 nanoparticles for all tested metal ions, as
indicated by its higher correlation coefficient (R2).
This suggests that the chemisorption process
predominantly controls the adsorption, as
discussed by Xu et al. (2022). In terms of
removing metal ions, the outcomes highlight that
the rate constant for Cu2* (1.063 g mg= min-)
surpasses the rate constants for Pb2+ (0.784 g
mg min-) and Cd?* (0.902 g mg~! min-?). This
underscores the strong affinity of Fes0s
nanoparticles for Cu?* ions and demonstrates
their rapid migration in scenarios involving
competitive adsorption within multi-component
wastewater systems.
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3.6 Thermodynamic study
Thermodynamics of metal ions adsorbed onto
Fe304 nanoparticles was investigated at 30 to 80
°C, and the thermodynamic parameters (Gibbs
free energy change (AG°, kJ mol-1), enthalpy
change (AH°, kJ mol-1) and entropy change
(AS®, Jd mol-1 K-1) were calculated using Egs. (4-
6).

&

K= 0
e

AG=-RTInK, 5)

AG= AH - TAS (6)

where 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), K4

value is obtained by plotting In(%) against C
(Shaba et al. 2019).

The findings presented in Table 3 indicate that
the change in enthalpy associated with the
adsorption of metal ions onto Fes3Oas
nanoparticles is positive. This positive enthalpy
change suggests that the adsorption process is
endothermic, requiring energy input from the
surroundings. This phenomenon can be
attributed to the strong interaction between the
FesO4 nanoparticles and the metal ions.
Essentially, the process of adsorption is
facilitated by the absorption of heat. The positive
entropy change value signifies an increase in
disorder or randomness at the interface between
the solid (FesO4 nanoparticles) and the solution
(metal ions) during adsorption. This enhanced
entropy can be linked to structural alterations
within the FesO4 nanoparticles and the metal ions
as they come into contact and bind together. This
supports the notion that the adsorption process
contributes to an increase in the overall disorder
of the system. As indicated in Table 6, the AG®
values were consistently negative for all cases,
indicating that the adsorption processes of the
metal ions onto the FesO4 nanoparticles occurred
spontaneously. This aligns with the fact that
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these adsorption events were energetically
favorable and did not require external energy
input to take place (Wen et al., 2022).

Furthermore, the negative trend in the AG°
values with increasing temperature implies that
the adsorption of contaminants onto FesOs
nanoparticles became more favorable at higher
temperatures. In  other words, elevated
temperatures made it easier for the nanopatrticles
to remove the metal ions from the solution. This
could be attributed to the fact that higher
temperatures expedited the hydration of metal
ions, thereby facilitating their interaction with the
nanoparticles and subsequent removal from the
solution (Patel, 2020). The positive values of
both AH° (enthalpy change) and AS° (entropy
change) further emphasize that the adsorption
process is endothermic and that the interface
between the adsorbent and the wastewater
becomes more disordered during the process.
The rise in AG° with increasing temperature
leads to greater adsorption, especially since
higher temperatures promote faster hydration of
metal ions, enhancing their adsorption onto the
nanopatrticles.

Table 3: Thermodynamic study of metal ions

removal in wastewater

Param Temper

eter ature
(°C)

Pb(ll) 30 21.15 72.08 -0.69024
40 21.15 72.08 -1.41104
50 21.15 72.08 -2.13184
60 21.15 72.08 -2.85264
70 21.15 72.08 -3.57344
80 21.15 72.08 -4.29424

cd(y 3 20.15 71.73 -1.58419
40 20.15 71.73 -2.30149
50 20.15 71.73 -3.01879
60 20.15 71.73 -3.73609
70 20.15 71.73 -4.45339
80 20.15 71.73 -5.17069

Cu(l) 30 19.96 72.09 -1.88327
40 19.96 72.09 -2.60417
50 19.96 72.09 -3.32507
60 19.96 72.09 -4.04597
70 19.96 72.09 -4.76687
80 19.96 72.09 -5.48777

4, Conclusion

The utilization of FeszOs nanoparticles as
nanoadsorbents for the removal of selected
toxic metals from pharmaceutical wastewater
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has shown significant promise. This research
has demonstrated the potential of Fes3Os
nanoparticles to efficiently adsorb toxic
metals, including lead, cadmium, arsenic,
mercury, and chromium, from complex
pharmaceutical wastewater matrices. The
adsorption mechanisms governing the
interaction between Fez0Os4 nanoparticles and
toxic metals have been elucidated, providing
valuable insights into the underlying
processes. The practical applicability of this
technology has been explored, demonstrating
its potential for scaling up to address the

wastewater treatment needs of the
pharmaceutical industry. This research
contributes to the advancement  of

sustainable and efficient solutions for the
removal of toxic metals from pharmaceutical
wastewater, aligning with the principles of
environmental protection and industrial
compliance. Fes3Os4 nanoparticles offer a
viable path towards a cleaner, safer, and
more environmentally responsible
pharmaceutical manufacturing process.
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