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Abstract: In this study, Melia azedarach fruit extract was used as a reducing agent and copper chloride
dihydrate (CuCl,-2H,O) was used as a precursor in the synthesis of copper oxide nanoparticles (CuO
NPs). The UV-visible spectrum showed a characteristic absorption peak of CuO NPs at 350 nm.
The surface properties of the adsorbent were analyzed through various techniques, indicating the
successful formation of CuO NPs. The impacts of several factors, including initial pH (4 to 8), a dose of
CuO NPs adsorbent (0.01-0.05 g), dye initial concentration (10-50 mg-Lfl), and contact times ranging
from 5 to 120 min, were examined in batch adsorption studies. Based on the experimental results, the
Langmuir isotherm is well-fitted, indicating MB dye monolayer capping on the CuO NPs surface with
26.738 mg-g~! as a maximum adsorption capacity Qy, value. For the pseudo-second-order kinetic
model, the experimental and calculated adsorption capacity values (g¢) exhibited good agreement.

Keywords: green synthesis; copper oxide nanoparticles; methylene blue; batch adsorption;
water treatment

1. Introduction

A cationic dye belonging to the thiazine dye family, methylene blue (MB), finds
widespread applications in the textile, paper, and leather industries, as well as biological
dyes [1]. However, the discharge of MB and its derivatives into the environment has led
to significant pollution issues. Consumption of MB dye by humans or animals may result
in eye burns, fast breathing, vomiting, and nausea. Therefore, it is crucial to remove it
from wastewater [2]. Several effective wastewater treatment techniques for dye removal,
such as flocculation or coagulation [3], adsorption membranes [4], biological treatment [5],
electrochemical processes [6], and photodegradation [7], have been effectively adopted.

Recently, there has been a lot of interest in multifunctional materials due to the
advancement of civilization and the growing need for smart materials. These materials
were used to eliminate hazardous substances in the natural environment [8,9]. Nano-
adsorbents are a highly effective technology for eliminating organic dyes from water
and wastewater. Their smaller size and increased adsorptive surface area make them
particularly effective in this regard [10]. Nanofibers, graphene, metal oxides, and carbon
nanotubes are all examples of nano-adsorbents that can be used to improve the treatment
of water and wastewater [11].

Copper oxide nanoparticles (CuO NPs) are a type of metal oxide nanoparticles that
have potential applications in both science and industry [12-15]. Various techniques for
synthesizing CuO NPs include sonochemical methods [16], chemical precipitation [17],
laser ablation in liquid [18], hydrothermal [19], sol-gel [20], and more. The chemical syn-
thesis methods mentioned above are highly effective but have several limitations, such as
high costs, utilization of hazardous chemicals and solvents, production of toxic waste, and
high energy requirements. As a result, biosynthesis and other economical, environmen-
tally friendly, biocompatible, and reliable approaches for producing nanoparticles have
been developed.
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Scientists often use plant extracts as a reducing agent to create metal oxide nanopar-
ticles [21-25]. These extracts are highly efficient, accessible, safe, and contain bioactive
components [26]. Plant extracts are rich sources of natural phytoconstituents that possess
different reductive capacities. During green synthesis, they can serve the dual purpose of
both reducing and stabilizing agents. CuO NPs have been synthesized using various plant
extracts derived from seeds, fruits, barks, leaves, stems, flowers, roots, and peels, such as
Catha edulis [27], Phoenix dactylifera [28], Lantana camara [29], Bergenia ciliata [30], Eucalyptus
globulus [31], Bougainvillea [32], and Papaya peel [26].

Melia azedarach, also known as chinaberry, is a tree species belonging to the Meliaceae
family. It is native to Southeast Asia and Northern Australia and has been introduced to the
Kurdistan region of Iraq. This tree is excellent for urban greening as it can absorb harmful
and toxic gases and is also resistant to dust and smoke [33]. Extracts from the leaves, fruits,
and seeds of Melia azedarach have shown medicinal and pesticide properties against various
pathogens and pests, respectively [34-36].

In the current research, for the first time, CuO NPs were synthesized using an aqueous
extract from the Melia azedarach fruit. The effectiveness of the production process was
demonstrated by investigating the adsorbent surface using various techniques. By calculat-
ing and analyzing equilibrium, kinetic, and isotherm parameters, the adsorption process
was thoroughly explained. The results indicate that the environmentally friendly manufac-
ture of CuO nanoparticles as an adsorbent shows great promise for successfully removing
MB dye from aqueous solutions. This study is valuable for the protection and management
of drinking water. Scheme 1 provides a schematic representation of the current work.
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Scheme 1. CuO NPs adsorbent synthesis for MB dye removal.

2. Experimental methodology
2.1. Chemicals and Materials

Dried Melia azedarach fruits were collected from the University of Duhok College of
Science gardens in Kurdistan, Region of Iraq. Copper chloride dihydrate (CuCl,-2H,0)
was purchased from UNI-CHEM (Maharashtra, India). Methylene blue MB dye (chemical
formula C;4H1gN3SC1-3H,0, Amax = 660 nm and molecular weight = 319.85 g-mol’l),
hydrochloric acid (HCI), and sodium hydroxide (NaOH), of 99% purity, were purchased
from the German Sigma-Aldrich Company (Steinheim, Germany). The extract from the
Melia azedarach fruits and the metal salt solution were prepared using distilled water (D.W).

2.2. Preparation of Melia azedarach Fruit Extract

Dried fruit of Melia azedarach were collected, carefully washed with D.W., and then left
dry in the laboratory at 27 °C for 24 h to remove the remaining moisture. Following the
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grinding, 200 milliliters of D.W. were mixed with ten grams of ground powder in the beaker.
The mixture was stirred at 150 rpm and heated to 70 °C for two hours. After allowing the
extract to cool, it was filtered through filter paper Whatman No.1, yielding a pale-yellow
extract that was subsequently refrigerated. This extract was reserved for future use in the
production of the nanoparticles [37].

2.3. Synthesis of Adsorbent CuO NPs

The copper chloride dihydrate, CuCl,-2H,0O, and Melia azedarach fruit extract were
used to create the nanoparticles. With constant stirring and heating at 60 °C, 50 mL of
(0.1 M) CuCl,-2H,0 solution was gradually added to (75 mL) of Melia azedarach fruit extract
in the beaker. The formed CuO NPs were detected in the solution through UV-vis spectra
(Figure 1) by changing in color from blue to viscous green. After 24 h of incubation, the
sticky precipitate was subjected to centrifugation for 10 min at 10,000 rpm, followed by
three to four rinses with deionized water. Upon drying the precipitate at room temperature
for 48 h, a pellet was formed. The ultimate product underwent a 2 h calcination process at
400 °C in a muffle furnace after being dried to eliminate plant-derived organic substances.
Then, it was powdered and preserved for further usage [12].

Plant Extract
CuO NPs
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Figure 1. UV-visible spectra of plant extract and CuO NPs.

2.4. Characterization of CuO NPs

A spectrophotometer (Shimadzu UV-vis V-530A with a wavelength of 200 to 800 nm)
was employed to determine the UV-vis absorption spectra of various substances. The
synthesized CuO NPs were characterized using several techniques: field emission scanning
electron microscopy (FE-SEM) in conjunction with X-ray energy-dispersive spectroscopy
(EDS), Fourier transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD). The
morphology of CuO NPs was investigated using the QuantaTM 450 FEG. A SHIMADZU-IR
PRESTIGE-21 Spectrometer was used to identify the functional groups of the CuO NPs.
Using Bruker D8 Advance X-ray diffractometer (A = 1.54 A, 40 mA, 45 kV) and Cu-Kax
radiation, the crystal structure of the CuO NPs was estimated throughout a 20-80° range.

2.5. Adsorption Batch Studies

The MB dye’s optimal adsorption performance was achieved by adjusting the CuO
NPs dose, contact time, and MB dye concentrations. After combining a weighed sample
of CuO NPs with 3.0 milliliters of MB dye solution, the mixture’s pH was adjusted. The
mixture was stirred at a steady temperature before centrifugation at 150 rpm for a specific
duration. By using the JANEWAY 7315 Spectrophotometer (with Amax of 660 nm), the
amount of MB dye in the supernatant was determined. Equations (1) and (2) were used to
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compute MB adsorption capacity (g) at equilibrium and at time, while Equation (3) was
used for computing the dye removal percentage (%R) [38,39].

(C;—Ce)*xV

Je = M 1)
C.—CHxV

go= LSS0V o)

%R = = Ce L 100 3)

i
where C;, Ce, and C; denote the MB dye concentration in the initial, at the equilibrium, and
at time t (measured in milligrams per liter), respectively. V represents the solution volume
in liters. Meanwhile, M refers to the mass of the CuO NPs adsorbent in grams.

2.6. Adsorption Kinetics and Isotherms Studies

The kinetics of adsorption provides useful data for adsorption process performance
and design which can be applied practically. An investigation was conducted to examine
the adsorption mechanism utilizing pseudo-first-order Equation (4), pseudo-second-order
Equation (5), and Elovich Equation (6) for kinetic models [40,41].

k
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where t is the time, k; (min™1), k» (g~mg’1 min~!) are the rate constants for the pseudo-
first-order and the pseudo-second-order models, respectively, a (mg-g~!) is the rate of
adsorption at initial, and 8 is the constant of desorption (g-mg~1).

Adsorption isotherms can be used to examine the relationship between C, and g, of
MB at a certain temperature. The adsorption isothermal behavior for CuO NPs was de-
scribed using three models: Langmuir Equation (7), Freundlich Equation (8), and Tempkin
Equation (9) [42,43].

1 1 1 1

— = B, I 7

de (kL Qm) Ce Qm @)
1

log ge = log Ky + Elog Ce 8

ge = Brin At + Bt InC, 9)

where Q,, (mg-g~!) is the maximum monolayer capacity, K, (L-mg~1), Ky (L.g™!), and
AT (L'mg_l) are the equilibrium rate constants for Langmuir, Freundlich, and Tempkin,
respectively; 1/n represents an empirical constant indicating the adsorption intensity; 1/n
is a constant indicating the adsorption intensity.

3. Results and Discussion
3.1. Characterization of CuO NPs
3.1.1. UV-Visible Adsorption Spectrum

The absorption spectrum of CuO NPs and Melia azedarach fruit extract in the UV-
vis range has been depicted in Figure 1. The presence of various bioactive compounds,
including flavonoids, alkaloids, carbohydrates, tannins, phenolic acid, and terpenoids, in
the aqueous fruit extract of Melia azedarach has been attributed to the significant absorption
peak observed at 269 nm. These compounds have been identified as being essential for
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CuO NPs production [36,44]. CuO NPs production was shown by the fruit extract’s quick
color change to green upon the addition of CuCl,-2H,O solution. The confirmation of the
reduction to CuO NPs was established through the observation of a significant absorption
peak at 350 nm. This peak is probably connected to the CuO semiconductor excitation’s
surface plasmon resonance (SPR) [27,45,46].

3.1.2. FE-SEM and EDS

The size and shape of the synthesized CuO NPs were analyzed using FE-SEM mi-
crographs. The FE-SEM micrographs of CuONPs before and after adsorption of MB dye
are displayed in the inset of Figure 2a,b; these were captured at a resolution of 500 nm.
Based on the FE-SEM image in Figure 2a, the produced CuO NPs displayed a uniform
and distinctly spherical structure, though they exhibited some agglomeration due to the
adhesive properties of the plant extract [47]. After adsorption, as shown in Figure 2b, the
surface coverage of the CuO NPs is visible. This coverage is attributed to the adsorption
of adsorbate molecules (MB), which is likely what leads to the formation of a monolayer
of adsorbate molecules on the adsorbent surface. Image J software (1.48v) was used to
measure the particle size of CuO NPs, as shown in Figure 2c. The results showed a particle
size range between 20 and 40 nm, indicating the presence of well-established synthetic
nanoparticles [48].
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Figure 2. (a,b) FE-SEM analysis micrograph, (c) histogram, and (d) EDS of CuO NPs.

Additionally, the purity of the synthesized CuO NPs was demonstrated by an EDS
spectrum, which was employed to evaluate the elemental analysis, as shown in Figure 2d.
The presence of oxygen and copper in the EDS spectrum suggests that the copper is likely
in the form of an oxide or dioxide. Copper (Cu) and oxygen (O) had weight compositions
of 6.79 and 45.41 percent, respectively. Subsequently, the atomic compositions were de-
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termined to be 1.81 percent and 48.19 percent, respectively. Due to interactions with the
extract during the bioprocessing, minor amounts of carbon, chloride, and potassium were
found. It was confirmed that CuO NPs were precisely created using green synthesis based
on the SEM and EDS micrographs [49].

3.1.3. FTIR Spectroscopy

FTIR spectroscopy was utilized to investigate the various functional groups present
in the synthesized CuO NPs within the spectral range of 400-4000 cm ™!, as shown in
Figure 3a. The presence of phenolic compounds and absorbed water on the surface of
CuO NPs is suggested by the bandwidth at (3524 cm~!), which is associated with the -OH
group stretching frequency [50]. Elevated peaks at (2922 cm ™! and 2865 cm~!) indicate
asymmetric stretching of C-H bonds in -CH; and -CHj3 groups, respectively [31,51].
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Figure 3. (a) FTIR spectra of CuO NPs; (b) XRD pattern of CuO NPs.

The C=C aromatic bending vibration of alkenes in the Melia azedarach fruit extract
is responsible for the strong absorption band that appeared at (1633 cm~!) [52,53]. The
deformation vibration of the alkane group’s C-H band is responsible for the sharp peak at
(1406 cm~1). The presence of various organic functional groups such as ethers, amides, and
other aliphatic groups on the surface of CuO NPs is demonstrated by the peaks observed
at (1244 cm~! and 1075 cm~1!). The absorption peak observed in primary and secondary
alcohols at (1020 cm™1) is due to the stretching vibration of the C-O group [54].

Furthermore, Cu-O vibrations can be linked to peaks at (531 cm~! and 634 cm™ 1),
demonstrating the production of CuO nanoparticles [52,55]. The bioactive compounds
present in Melia azedarach fruit extract have a significant impact on the production of
CuO NPs. The FTIR analysis showed that the synthesized CuO NPs have many functional
groups. These groups are most reactive to adsorbing MB dye cations through an electrostatic

interaction [56].

3.1.4. XRD

Figure 3b illustrates the X-ray diffraction pattern of CuO NPs, prepared using the
green synthesis technique involving Melia azedarach fruit extract. The prominent reflection
planes correspond to (110), (—111), (111), (—202), (020), (202), (—113), (113), (220), (311),
and (—222), with associated scattering angles of 32.54°, 35.56°, 38.77°, 48.74°, 53.53°, 58.37°,
61.56°, 67.98°, 68.17°, 72.49°, and 75.29°, respectively. The presence of sharpened and
well-defined scattering peaks serves as strong evidence supporting the crystalline nature of
the CuO nanoparticles, indicating their purity without impurities. The obtained diffraction
data closely matched the information recorded in the JCPDS card no. 801268 [57,58].
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3.2. Batch Adsorption Studies
3.2.1. Effect of pH

The CuO NP adsorption efficiency was examined in MB dye solutions at a concentra-
tion (10 mg-L~!) and a pH (4 to 8). Figure 4 shows that both the percentage of removal
%R and the adsorption capacity (g.) of MB significantly improved when the pH value
was raised from 4 to 8. Adsorption sites that are positively charged and open the uptake
of anions found in solutions with low pH values. The competitiveness of H* ions and
dye cations for the few available adsorption sites may be the cause of the reduced MB
adsorption at acidic pH values. The maximum MB adsorption percentage %R was 82.051%
at a pH of 8. For the next experiments, pH 8 was chosen because of this. In general, these
results are compatible with previous studies [4,59,60].
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Figure 4. pH effect on MB adsorption by CuO NPs.

3.2.2. Effect of CuO NPs Dose

The utilized amount of CuO NPs adsorbent had a considerable impact on the effective-
ness of adsorption. CuO NPs adsorbent doses ranging from 0.01 to 0.09 g were employed to
investigate the adsorption of MB dye [61,62]. Figure 5 depicts the effects of adsorbent dose
on MB adsorption. The typical pattern of quickly rising %R as the adsorbent dose increased
was followed and equilibrium was attained at 0.09 g with a maximum %R of 93.800%. This
was associated with a rise in adsorption-active sites with an increase in dosage, both the
adsorbent outer layer and the expanded adsorption sites number, leading to enhanced
efficiency in %R. However, the g, value decreased with increasing the adsorbent dose. The
existence of more active sites on the surface of CuO NPs may be the cause of the observed
drop in adsorption (g.) when doses were high, and the ensuing decrease in accessible
MB molecules for adsorption [17,63]. Consequently, 0.05 g of CuO NPs was chosen for
subsequent studies based on the findings of the dose experiment.
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Figure 5. CuO NPs dose adsorbent effect on MB adsorption.
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3.3. Effect of Contact Time and Kinetic Study

Figure 6a displays the UV-vis spectra of the MB absorption at various times
(5-120 min) after being adsorbed by the CuO NPs. The uniqueness of the adsorption
process is evident from the consistent decrease in absorbance intensity without any changes
in wavelength throughout the adsorption [7,64].
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Figure 6. (a) UV-vis spectra of MB adsorption by CuO NPs at different times; (b) contact time effect
on MB adsorption.

Figure 6b illustrates the effects of time on MB adsorption onto CuO NPs. As the
adsorption duration increased, the MB’s adsorption capacity (g.) and removal percentage
%R both rose until they reached equilibrium after 120 min. At equilibrium, the g, for MB
was established to be 0.96 (mg-g~!), while the corresponding %R was determined to be
80.598% [65].

Experimental data from batch studies were fitted with the pseudo-first-order Figure 7a,
pseudo-second-order Figure 7b, and Elovich Figure 7c kinetic models to assess the adsorp-
tion kinetics of MB under the optimal adsorption conditions and provide additional insight
into the features of the adsorption process [2,5,66]. Kinetic parameter results for these three
models are listed in Table 1.

Table 1. Kinetic parameters result from the adsorption of MB onto CuO NPs.

Pseudo-First-Order Parameters Pseudo-Second-Order Parameters Elovich Parameters

Ky (qe)exp.

(qe)calc, R2 KZ (qe)exp. (qe)culc, R2 12 ﬂ Rz

0.0345 0.9723

0.5151 0.8533 0.1562 0.9723 0.9971 0.9925 25.5379 11.1359 0.8944

According to the data presented (Table 1), the correlation coefficient R? value of the
pseudo-second-order kinetic model (0.9925) is much higher than that of the pseudo-first-
order (0.8533) and Elovich (0.8944) kinetic models. This indicated that the pseudo-second-
order model provided a more precise description of the adsorption kinetics of MB [67].
Additionally, there was a high level of agreement between the experimental value (ge)exp.
(0.9723) and the calculated value (ge) 1., (0.9971) for the pseudo-second-order kinetic model.
This finding serves as evidence of the precision of the model [68]. As compared to other
models, the pseudo-second-order kinetic model exhibited better performance in removing
MB dye from solutions using CuO NPs [38,69,70].
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Figure 7. (a) Pseudo-first-order, (b) pseudo-second-order, and (c) Elovich kinetic models for MB
adsorption.

3.4. Effect of Initial Concentration and Isotherms Study

Figure 8 shows that CuO NPs’ adsorption capacity (4.) and removal percentage (%R)
are significantly influenced by the initial MB concentration (C;). When the C; increased,
the %R remained constant from 81.026% to 85.869%, while the g, values of the CuO NPs
increased by 0.498, 0.972, 1.546, 2.027, and 2.497 mg- g’1 for concentrations of 10, 20, 30, 40,
and 50 mg-L !, respectively. This can be attributed as the C; increased, the resistance to
MB mass transferring across solid phases and aqueous phases is overcome, resulting in
increased sorption. Furthermore, when the MB concentration rose, the interaction between
MB and the CuO NPs was enhanced, accelerating the sorption process [71,72]. Other
studies conducted by different researchers have reported comparable findings concerning
the influence of the initial MB concentration [73,74].
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Figure 8. Different concentrations affect MB adsorption.
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An adsorption isotherm describes the distribution of adsorbate molecules between
the liquid and solid phases once the adsorption process has reached equilibrium. In cases
where the adsorption surface is homogeneous and the affinity of the adsorbate is the same at
each adsorption site, the Langmuir isotherm is often the most appropriate model to use [75].
The Freundlich isotherm model was developed specifically for heterogeneous systems and
describes multilayer adsorption occurring on the sorbent surface [76]. According to the
Temkin isotherm, as adsorbate coverage increases, the heat of adsorption of each molecule
in the layer drops linearly [77]. Figure 9a—c depicts the linear models used to study the
interactions of MB on the CuO NP surface. Table 2 displays the computed values of the
parameters in the Langmuir, Freundlich, and Tempkin equations.
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Figure 9. (a) Langmuir, (b) Freundlich, and (c) Tempkin adsorption isotherms for adsorption of MB.

Table 2. Results of the adsorption isotherms parameters for MB adsorption onto CuO NPs.

Langmuir Parameters Freundlich Parameters Tempkin Parameters
Kj, R? Kf n R? At Br br R?
0.011 0.9754 3.475 1.042 0.9603 1.2997 1.2680 1953.921 0.9225

After examining the data in Table 2, the Langmuir isotherm model was found to have
a significantly higher correlation coefficient (R? = 0.9754) with the adsorption of MB by
CuO NPs compared to other isotherm models. This value proves that the parameter and
the confirmation of monolayer adsorption of MB onto CuO NPs are in good agreement [78].
The value of Q;, indicates how much MB dye is needed for every unit weight of sorbent to
form a full monolayer on the CuO NPs surface. Table 3 shows the CuO NPs’ adsorption
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capacity Qy, for MB dye adsorption compared to different types of adsorbents in the
previous studies.

Table 3. The adsorption capacities Qy, for different types of MB adsorbents in the previous studies.

Adsorbent Material Qm Time pH [Ref.]

Synthesized CuO-A NPs 95.5 180 min. >10 [79]

Biochar-TiO, 74.30 60 min 6.0 [80]

Lignite Coal 40.82 60 min. 6.35 [73]

Nanoparticles of microalgae 58.82 180 min. 6.0 [81]

La-Na Co-Doped TiO, NPs 25.04 25 min. 7.0 [82]
CuO NPs 26.73 120 min. 8.0 This study

Cu-NPs/Centaurea cyanus Plant 21.9 101.5 min 6.6 [83]

synthesized -NiMoO4 nano sorbents 16.86 120 min. 11 [63]

NiO 10.58 150 min. 6.5 [84]

Silica nano-sheets 9.7 180 min. 7.0 [85]

Fly ash 5.71 60 min. 8.0 [86]

Additionally, the Freundlich isotherm’s n value provides a clear indication of the
adsorption behavior. Generally, the adsorption is classified as (i) chemical, (ii) physical,
or (iii) linear depending on whether # is less than, greater than, or equal to one [87,88].
Physical adsorption outperforms chemical adsorption in the case of CuO NPs since the
value of #n is greater than one (1.042). Furthermore, the value of 1/n (0.960) falls within
the range 0 < 1/n < 1, demonstrating that the adsorption process is favorable [89]. The
adsorption of dyes involves numerous mechanisms, including ion exchange, hydrogen
bonding, Van der Waals forces, electrostatics, and dipole—ion interaction. According to the
kinetic and isotherm data, the adsorption mechanism of MB onto CuO NPs is mainly based
on physical attraction. Therefore, it can be suggested that electrostatic interactions are the
main mechanism of adsorption [90].

4. Conclusions

It can be concluded that the aqueous extract from Melia azedarach fruit was successfully
used to synthesize CuO NPs utilizing the green route approach. The bioactive compounds
in Melia azedarach’s aqueous fruit extract can serve as a reducing agent to synthesize the
CuO NPs. The prepared particles were spherical in morphology and ranged in size from
20 to 40 nm on average. According to the results, CuO nanoparticles show great promise
for successfully removing MB dye from aqueous solutions. The optimum conditions for
the elimination of MB dye were pH (8), adsorbent dosage (0.05 g), initial MB concentration
(20 mg-L~!), and a period of 120 min. The pseudo-second-order kinetic model accurately
described the adsorption process. Furthermore, the values of the calculated adsorption
capacity (qe)cate. (0.9971) and the experimental adsorption capacity (ge)exp. (0.9723) exhibits
good agreement. The Langmuir isotherm offered a good fit to the data and the maximum
adsorption capacity toward MB was 26.738 mg-g !
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