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ABSTRACT

The growing contamination of water sources worldwide necessitates urgent interventions to ensure
access to clean drinking water. Among the diverse pollutants, the discharge of dyes into water
bodies presents a formidable environmental concern. Traditional wastewater treatment methods
often fall short in addressing the persistence and toxicity of these contaminants, emphasizing the
need for innovative approaches. In this study, we synthesized Mg-doped CuO nanoparticles using a
co-precipitation method and characterized their chemical properties. The nanoparticles exhibited
exceptional adsorption capabilities for various dye compounds, holding significant potential for
wastewater remediation. Specifically, we investigated the removal of synthetic dyes using these
metal-doped nanopatrticles. Optimal parameters for maximal dye removal were determined through
comprehensive experimentation, including adsorbent dosage, initial dye concentration, contact
time, and temperature. Our results indicated that basic dye (Methylene Blue) demonstrated
maximal adsorption at pH 5, with Mg-doped CuO nanoparticles exhibiting a superior adsorption
capacity of 42.15 mg/g under optimized conditions (pH 5, 0.1 g/50 mL dosage, 120 minutes contact
time, and 200 ppm dye concentration). Overall, our findings highlight the potential of Mg-doped
CuO nanoparticles as an innovative and efficient solution for dye removal in wastewater treatment,

offering a promising avenue for mitigating water pollution challenges.

Keywords: Nanotechnology; Mg doped CuO nanoparticles; methylene blue dye; co-precipitation

method and wastewater treatment.
1. INTRODUCTION

Water, a basic requirement for human survival, is
critical in maintaining life and promoting well-
being [1]. Its importance goes beyond
fundamental necessities, as it is a valuable
resource in a variety of industries, including
electronics, pharmaceuticals, and food
production [2]. However, the availability of clean
water is under threat from a number of factors,

including  protracted droughts,  population
expansion, strict regulations, and conflicting
needs [3].

Nanotechnology, with its ability to control
materials at the molecular and atomic levels,
shows great promise for tackling water-related
issues [4]. Water treatment stands out as a key
area where nanotechnology has shown great
promise [5]. Nanostructures, with their small size,
wide surface area, and simplicity of
functionalization, provide unparalleled prospects
for developing more efficient catalysts and
redox-active media for wastewater treatment

[6].

Nanoparticles may successfully remove a variety
of contaminants from wastewater, including
heavy metals, organic solvents, and biological

poisons [7]. Among these toxins, dyes from
industries such as textile manufacture pose a
substantial risk to water quality. The vivid
wastewater streams produced by textile dying
operations significantly contribute to water
pollution, with more than 15% of dyes ending up
in wastewater [8].

Textile effluents including dyes and other
chemicals have distinct properties such as
excessive salinity, turbidity, and color density,
making them difficult to handle [9]. Furthermore,
organic dyes employed in businesses can be
very hazardous and carcinogenic, endangering
aquatic life and human health [10].

In response to these issues, the adsorption
process has evolved as a low-cost, ecologically
friendly, and [11]. Adsorption is the concentration
of a substance at the interface of a solid, liquid,
or gas phase caused by surface forces. This
technique, known for its simplicity and versatility,
has several advantages, including cheap cost,
insensitivity to pollutants, and ease of operation
[12].

The selection of adsorbents is critical to efficient
adsorption because they should be versatile,
cost-effective, have a high adsorption capacity,
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and be reusable [13]. Wastewater treatment
employs a variety of adsorbents, including bio-
sorbents, carbon-based nano-adsorbents, and
polymer-based adsorbents, with activated
carbon-based compounds receiving substantial
attention due to their chemical stability and high
surface area [14].

The creation of metal-doped nanoparticles using
techniques such as co-precipitation presents a
promising path for wastewater remediation [15].
Metal-doped nanoparticles, such as Mg-doped
CuO nanoparticles, have improved dye removal
characteristics in wastewater [16].

Doping, which includes introducing impurities into
host lattices, is a typical technique for modifying
the optical and chemical properties of
nanomaterials [17]. Metal-doped nanopatrticles,
such as Cu-doped FeO nanoparticles, have
demonstrated outstanding performance in the
removal of organic dyes from wastewater,
indicating their potential for wastewater treatment
applications [18].

In this study, we seek to evaluate the efficient
adsorption of Methylene Blue dye using Mg-
doped CuO nanoparticles, proposing a unique
way for effective wastewater treatment [19].
Through rigorous experimentation and analysis,
we hope to determine the efficacy of Mg-doped
CuO nanopatrticles in eliminating Methylene Blue
dye from wastewater, thereby contributing to the
evolution of sustainable water treatment
methods.

2. METHODOLOGY
2.1 Materials

Magnesium chloride hexahydrate MgCl2.6H20,
copper chloride CuClz, sodium hydroxide NaOH,
and deoxygenated distilled water were used to
synthesize Mg-doped CuO nanoparticles.

2.2 Synthesis

Mg-doped CuO nanoparticles were synthesized
using a basic co-precipitation technique [20]. In
100 mL of distilled water, 7.8 g of magnesium
chloride hexahydrate and 3.5 g of copper
chloride were dissolved. To bring the pH to
around 10, a 0.2M solution of sodium hydroxide
(NaOH) was gently added to the salt solution
while stirring constantly. The resultant solution
was then thermally treated at 80 °C for 3 hours to
promote precipitate formation [21]. Following
that, the solution was left to stand overnight, and

the precipitates were cleaned with water and
alcohol. The resulting product was then dried at
120°C for 3 hours before being calcined at 400°C
for around 4 hours to produce Mg-doped CuO
nanoparticles [21].

2.3 Batch Adsorption Experiment

A series of batch adsorption studies were carried
out to determine the adsorption efficiency of Mg-
doped CuO nanoparticles for the removal of
methylene blue. Initially, a stock solution of 1000
ppm methylene blue dye was made by dissolving
1 g of the dye in distilled water to a final volume
of 1000 ml in a measuring flask. Using the
dilution formula (C1V1=C:V2), dye solutions with
concentrations of 10 ppm, 20 ppm, 30 ppm, 40
ppm, and 50 ppm were created from this stock
solution.

The pH of the dye solutions was changed with
0.1 M NaOH and 0.1 M HCI solutions to achieve
the correct pH values for the adsorption studies.
The adsorption tests were carried out to
investigate the removal effectiveness of Mg-
doped CuO nanoparticles under various
experimental conditions, such as dosage rate,
concentration, pH, contact time and temperature
[22,23]. Overall, the batch adsorption studies
were designed to thoroughly evaluate the
adsorption efficiency of Mg-doped CuO
nanoparticles for methylene blue dye removal
under a variety of experimental settings,
revealing important information about their
prospective application in wastewater treatment
[24,25].

3. RESULTS AND DISCUSSION

3.1 Characterization of mg-Doped CuO
Nanoparticles

3.1.1 SEM

Scanning electron microscopy (SEM) is a
sophisticated imaging technology that uses a
focused beam of electrons to produce high-
resolution pictures of material samples [26]. As
the electron beam interacts with the atoms in the
sample, a variety of signals are released,
providing useful information on the material's
composition and surface structure. The electron
beam is traversed across the sample in a raster
scan pattern, and the detected signals' intensities
are used to create an image [27]. To create the
image, the most commonly used SEM mode
detects secondary electrons emitted from the
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sample's atoms [28]. Among other parameters,
the topography of the sample surface influences
the amount of secondary electrons detected, and
hence the signal strength [29]. SEM examination
was performed to analyze the morphology of Mg-
doped CuO nanoparticles [30]. The obtained
images are provided below at various resolutions
(Apm, 2um, 200nm, and 500nm). The SEM
photos show that Mg-doped CuO nanoparticles
have a variety of morphologies, including
spherical forms and aggregates. At lower
magnifications, the nanoparticles appear to
aggregate, which could be owing to particle
interactions or the presence of voids created
during synthesis. However, higher magnification
photos show that these aggregated nanoparticles
are made up of smaller, more homogenous
nanoparticles that form spherical clusters.

Overall, SEM examination gives useful
information about the morphology and structure
of Mg-doped CuO nanoparticles, emphasizing
their potential uses in a variety of domains such
as wastewater treatment and catalysis [31].

3.1.2 EDX analysis

Energy-dispersive X-ray spectroscopy (EDX) is a
potent technique for determining the elemental
makeup of materials, even in minute amounts,
usually within a few cubic micrometers [32].
When a sample is attacked with electrons from
an electron beam in a suitably equipped
scanning electron microscope (SEM), the atoms
on the surface get excited and generate
characteristic X-ray wavelengths that are
particular to the elemental structure present [33].
These produced X-rays are then detected and

examined by an energy-dispersive detector,
which can discriminate between various X-ray
energies [34]. In the case of Mg-doped CuO
nanoparticles, EDX analysis was used to identify
the elemental configurations present in the
sample based on atomic and weight
percentages. The research found that oxygen,
iron, and copper were the main components, with
varied weights and atomic percentages. Oxygen
accounted for the biggest weight percentage
(27.97%), followed by iron (30.73%) and copper
(41.30%). In terms of atomic percentages, iron
accounted for the majority (6.11%), followed by
oxygen (68.45%) and copper (25.44%) [35]. The
EDX spectra generated from the analysis
showed peaks  corresponding to the
characteristic X-ray emissions of each element
present in the sample, which were consistent
with their keV values. This research sheds
light on the elemental composition and
distribution of Mg-doped CuO nanoparticles,
allowing for a more comprehensive knowledge
of their properties and prospective applications
[19].

3.1.3 FTIR analysis

Fourier Transform Infrared (FTIR) spectroscopy
is a valuable technique for determining the
chemical structure and bonding of materials,
including doped nanopatrticles such as Mg-doped
CuO. FTIR spectra of pure CuO reveal peaks at
~443 cm™ (Cu-O stretching vibrations) and ~495
cm™ (Cu-O bending vibrations). Doping with
Mg?* can cause shifts in these peaks due to
changes in the immediate environment
surrounding the CuO lattice [36].

Fig. 1. SEM images of Mg-doped CuO Nanoparticles at 2um and 200nm
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Fig. 2. EDX Spectra of Mg-doped CuO Nanoparticles
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Fig. 3. FTIR Spectra of Mg-doped CuO Nanoparticles

Additional peaks or changes in intensity could
indicate the inclusion of Mg ions into the CuO
structure. A change in the characteristic Cu-O
peaks could indicate a substitution of Cu2* ions
with Mg?* ions in the lattice. The formation of
additional peaks may be attributed to
vibrational modes associated with Mg-O
bonds or doping-induced defect sites.
Peak intensity variations can reveal the
degree and amount of doping. Shifted peaks at
599 cm™ indicating the presence of Mg doping
[37].

4. CALIBRATION CURVE
METHYLENE BLUE DYE

FOR

Equation of Calibration for Methylene Blue Dye
using Beer-Lambert's law, we create a calibration
curve for Methylene Blue dye. In order to verify a
linear connection, this procedure entails making

solutions of Methylene Blue in various
concentrations, measuring their absorbance, and
graphing the findings [38]. In Standard Solution
Preparation we make a stock solution of
Methylene Blue by dissolving a predetermined
amount of the dye in purified water. By diluting
the stock solution with distilled water, we create a
range of standard solutions with varying
concentrations (e.g., 1, 2, 3, 4, 5 mg/L). The
calibration curve equation is expressed as
A=eclA=ecl, in which AA represents absorbance,
ee denotes the molar absorptivity coefficient, cc
signifies concentration, and Il identifies the path
length of 1 cm.

4.1 Effect of pH on
Methylene Blue

Adsorption of

The pH of the solution is critical to the adsorption
effectiveness of Methylene Blue onto Mg-doped
CuO nanoparticles [35]. The adsorption of
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Methylene Blue was investigated in this work
over a pH range of 3 to 9 to discover the
optimum pH. The results revealed that pH had a
substantial influence on adsorption capacity, with
the maximum adsorption occurring at pH 5. At
lower pH levels, the surface of Mg-doped
CuO nanoparticles becomes positively charged,
increasing the electrostatic interaction between
negatively charged dye molecules and the
adsorbent surface. However, as the pH rises
above 7, adsorption effectiveness decreases due

to diminished electrostatic attraction and
possible competition between hydroxyl ions and
dye molecules for active adsorption sites

[19]. The optimal pH of 5 resulted in the
maximum  adsorption capacity of 42.15
mg/g, indicating ideal conditions for dye

removal. This finding emphasizes the necessity
of maintaining acidic conditions for
maximum adsorption performance, making Mg-
doped CuO a potential material for wastewater
treatment applications.

Absorbance

y =0.1221x 0.0009
R2=0.9999

¢ Absorbance

g 0.8 1

()] 0.6 4

(&)

S 04

2

o 0.2 A

)

Q0 JaY

< I \v) T

{
N

3

Concentration(mg/L)

Fig. 4. Calibration Curve for Methylene Blue Dye

Table 1. Absorbance against different concentration

Concentration (mg/L) Absorbance
1 0.122
2 0.245
3 0.367
4 0.492
5 0.613
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Fig. 5. Effect of pH on Methylene Blue Dye
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4.2 Effect of Dose Rate on Adsorption
Capacity

The dosing rate of Mg-doped CuO nanopatrticles
had a substantial impact on the adsorption
capacity of Methylene Blue dye. As the dose rate
rose, there was an initial noticeable increase in
adsorption capacity, which can be attributed to
the increased availability of active adsorption
sites on the nanoparticle surface. However, after
a certain dose rate, the adsorption capacity
began to plateau [39]. This saturation effect is
most likely caused by the overlapping or
aggregation of adsorption sites at increasing
nanoparticle concentrations, limiting the effective
surface area available to dye molecules. The
best dosing rate was found to be 0.1 g/50 mL,
resulting in the maximum adsorption capacity of
42.15 mg/gram [40]. Further dose rate increases
did not result in significant improvements in
adsorption efficiency, showing that the excess
adsorbent did not contribute proportionally to the
dye removal process. This trend emphasizes the

significance of optimizing adsorbent dosage in
wastewater treatment applications to achieve a
balance of efficiency and cost effectiveness [40].

4.3 Effect of Initial Dye Concentration on
Adsorption Capacity

The initial dye concentration is crucial for
determining the adsorption capacity of Mg-doped
CuO nanoparticles. As the starting concentration
of Methylene Blue grew, so did the nanoparticles'
adsorption capacity, which peaked before
stabilizing. At lower concentrations, the number
of accessible dye molecules was minimal in
comparison to the nanoparticles' plentiful
adsorption sites, resulting in high adsorption
efficiency [39].

However, as the initial concentration increased,
the accessible adsorption sites became
saturated, resulting in a gradual leveling of the
adsorption capacity. A dye concentration of 200
ppm resulted in a maximum adsorption capacity
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of 42.15 mg/g. Beyond this concentration, the
increase in dye molecules did not lead to a
substantial increase in adsorption capacity,
indicating that the adsorbent sites were fully
used. This trend shows that the adsorption
process is heavily reliant on the balance of
available adsorption sites and dye molecules,
making initial dye concentration optimization
critical for efficient wastewater treatment.

5. CONCLUSION

This study shows that Mg-doped CuO
nanoparticles can be excellent adsorbents for
removing synthetic colors from wastewater.
Under optimal conditions, the produced
nanoparticles demonstrated outstanding
adsorption capabilities, particularly for Methylene
Blue, indicating their applicability for practical
wastewater cleanup applications. The ideal
removal conditions—pH 5, 0.1 ¢g/50 mL
adsorbent dosage, 120 minutes contact duration,
and 200 ppm dye concentration—show that
operational parameters have a considerable
influence on adsorption performance. The kinetic
and equilibrium calculations indicated that the
adsorption process followed a pseudo-second-
order kinetic model, with the Langmuir isotherm
best describing monolayer adsorption on a
homogeneous  surface.  Furthermore, the
investigation of electrolyte effects and the
identification of 1 N HCI as an effective desorbing
agent highlight the nanoparticles’ potential for
regeneration and reuse, which increases their
economic viability. These findings suggest that
Mg-doped CuO nanoparticles are a viable, cost-
effective, and environmentally acceptable
alternative to traditional wastewater treatment
technologies for color removal. The remarkable
adsorption capability, together with the ease of
synthesis and regeneration, highlights their
relevance in tackling the ongoing problem of dye
pollution in water. Future study should
concentrate on scaling up the technique,
measuring the removal effectiveness of other
contaminants, and determining the long-term
environmental impact of using these
nanoparticles. Finally, the use of Mg-doped CuO
nanoparticles in water treatment technologies
has the potential to significantly improve water
quality and promote long-term environmental
management.
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