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1. Introduction

Exploration of the antibacterial and photocatalytic
properties of copper oxide (CuO) nanoparticles
synthesized from Azadirachta indica leaf extract
and electronic waste cable

@ Md. Sahadat Hossain,
® and Samina Ahmed () %2

Sumaya Tabassum, *@ Md. Abu Saeed,”

Md. Najem Uddin

This study examined the antibacterial properties of CuO nanoparticles derived from Azadirachta indica
leaf extract and waste Cu wire as a source of CuNOs. This environmentally friendly material efficiently
facilitated the breakdown of industrial pollutants (dye and ciprofloxacin). The X-ray diffraction (XRD)
analysis confirmed that the produced sample was CuO, with a crystallite size ranging from 5 to 92 nm,
determined using the Sahadat—Scherrer, Monshi—Scherrer, Halder—Wagner, size-strain plot, and
Williamson—Hall methods and the linear straight-line method of Scherrer's equation. A thermo-
gravimetric analyzer confirmed three stages of weight loss (totaling 30.22%), while scanning electron
microscopy revealed spherical-shaped NPs. The elemental composition (76.55% Cu and 23.45% O) was
confirmed through energy-dispersive X-ray spectroscopy. Fourier transform infrared spectroscopic
analysis, along with XRD, confirmed the presence of Cu—-O bonding, indicating the generation of CuO
NPs. The degradation percentages of CR dye (95%) and ciprofloxacin (80%) were estimated at a 20 ppm
concentration (pH 7) using 0.1 g of catalyst, with degradation occurring over 120 min and 210 min,
respectively. The computed rate constants, based on the Langmuir—Hinshelwood model equation, were
0.0198 min~! for CR dye and 0.0047 min~! for ciprofloxacin. The zones of inhibition for two Gram-
positive bacteria were 27 mm (Staphylococcus aureus) and 14 mm (Bacillus megaterium), while for
Gram-negative bacteria, the zones were 20 mm (Escherichia coli) and 13 mm (Salmonella typhi).

flowers, fruits, roots, stems, leaves, seeds, and microbes (bacteria
and fungi).” CuO NPs exhibit effective antimicrobial properties

Metal oxide nanoparticles have garnered significant interest
due to their extensive applications in environmental, dental,
food, agricultural, energy, pharmaceutical, electronic, catalytic,
and biosensing fields." Copper oxide nanoparticles (CuO NPs)
are potent anti-carcinogenic, antibacterial, catalytic, and coat-
ing agents that demonstrate intriguing activity across several
biomedical sectors.> Numerous synthesis techniques, including
sol-gel, co-precipitation, hydrothermal,® microwave irradiation,”
and microemulsion® methods, facilitate the generation of these
NPs. Chemical techniques often use surfactants or capping agents
to regulate the growth and stability of CuO NPs.® Moreover, CuO
NPs can be produced by extracting plant components, such as
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and are used as disinfectants against healthcare-related infections
in medical nanotechnology applications.?

The stability of nanoparticles depends on the synthesis
process; as a result, nanoparticles generated from plant extracts
tend to be more stable than those produced through other
approaches (physical or chemical). Plant extracts contain bio-
molecules, such as aromatic compounds, proteins, vitamins,
amino acids, saponins, polysaccharides, and enzymes, which
assist in the environmentally friendly synthesis of nano-
particles.® The secondary metabolites in plant extracts can
function as reducing and stabilizing agents for the synthesized
nanoparticles.” Plants serve as reducing agents during the
production of NPs, helping to eliminate harmful superfluous
compounds.'® Therefore, the synthesis of CuO NPs utilizing
neem (Azadirachta indica) leaves is promising. The neem tree
(Azadirachta indica), which belongs to the Meliaceae family, is
native to the Indian subcontinent. India is the world’s largest
producer of neem, and it is also native to Bangladesh, Pakistan,
China, Myanmar, and Sri Lanka.'’ Neem is also called a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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“wonder tree”’ due to its economic, environmental, medicinal,
and ornamental value. It is found along roadsides and in the
backyards of homes and offices. Moreover, several phytochemicals
such as vitamins, terpenoids, alkaloids, minerals, amino acids,
flavonoids, glycosides, and sterols are present in it.'>"® Due to
secondary metabolites, when a reaction occurs between neem leaf
extract and a metal salt, it reduces the salt and produces
nanoparticles."* A CuNO; solution was used to carry out this
research, which was synthesized using waste Cu wires as a source
of Cu (58.3%)."° Due to cutting-edge technology, people use
different types of electronic equipment to make their lives com-
fortable and fast. Therefore, repurposing electronic waste after its
useful life can be an effective way to help protect the environment.

The aquatic environment has been negatively impacted by
water pollution, and the amount of water for human consump-
tion is so less (0.6%).'® The scarcity of water worldwide is
exacerbated by industrial chemicals,"” the tanning industry,
the textile industry,"® metal smelting, active pharmaceutical
ingredients,'® the paper industry, electroplating, surfactants,?
and other factors. Polluted water from textile effluents (dyes)
and antibiotics (ciprofloxacin) has adverse effects on the
environment and living organisms. About 10%-25% of the
dye is released from several industries and the varieties of
commercial dyes are around 10 000 on the global market.”" In
addition, antibiotic consumption has increased dramatically
(200%) compared to the years 2000-2015, and during this
period, the consumption was about 65%.>> This has happened
due to the increasing drug consumption rate and the growing
pharmaceutical industry, especially in Asian countries (China,
Bangladesh, and India) that discharge pharmaceutical effluents
in large amounts.>® In that regard, the green-synthesized nano-
particles were applied as efficient catalysts to treat wastewater
(dye and antibiotics) effectively through the photocatalytic
method for saving the environment and human beings from
organic pollutants, antibiotics, and dyes.

Based on the previous literature, no research studies have
discussed the in-depth crystallographic information for plant-
mediated and Cu wire-utilized CuO NPs and their effectiveness
for all the microbes. Moreover, the green-synthesized CuO NPs
showed efficient photocatalytic activity for the degradation of
Congo red dye (CR dye) and ciprofloxacin, which has not been
found in the earlier research work.

This study focuses on the green synthesis of CuO NPs using
Azadirachta indica leaves and the emergence of CuO NP’s
antimicrobial activity against both Gram-positive (Staphylococ-
cus aureus and Bacillus megaterium) and Gram-negative (Salmo-
nella typhi and Escherichia coli) bacteria. Moreover, in this work,
the CuO nanoparticles acted as effective catalysts to treat
wastewater that contained CR dye and ciprofloxacin separately.
Plant-mediated CuO NPs have been previously reported in the
literature,*2® but this research synthesized CuO NPs by com-
bining leaf extract with waste Cu wires. Therefore, the main
focus of this research is to offer detailed crystallographic
insights into plant-mediated and waste Cu wire-synthesized
CuO NPs, highlighting their effectiveness against microbes and
their efficiency in degrading CR dye and ciprofloxacin.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

2. Materials and method

2.1. Materials

The waste cable incapable of passing electricity was collected
from the nearest cable shop in Dhaka, the capital of Bangla-
desh. Sodium hydroxide (NaOH; purity more than 99%), was
used to maintain the pH, and nitric acid (purity 65%) was
scored from E-Merck, Germany. Moreover, deionized water (DI)
and ethanol were used to carry out the reaction. Further, Congo
red dye (CR dye) and ciprofloxacin obtained from Shanghai
Chemical Reagent, China, were used to examine the application
of CuO NPs.

2.2. Synthesis method

At first, the newly cut leaves (Azadirachta indica) were collected
from the residential area of the Bangladesh Council of Scien-
tific and Industrial Research (Dhaka, Bangladesh). The neem
plant (Azadirachta indica) was identified based on its distinct
characteristics such as pinnate leaves, serrated leaflets, and
bitter taste, following standard botanical keys and literature.*”*®
Moreover, previous work reported in the literature also used the
neem plant (Azadirachta indica) to conduct the experiment.**°
Then the collected leaves (Fig. 1) were dried at 60 °C after sun-
drying to obtain their powder. An electric blender was used to
powder the dried leaves. A required amount of dry powdered
leaves was taken in a beaker with deionized water that was heated
at 80 °C for 30 min. The mixture was filtered after it was cooled to
room temperature. After cooling, the extract was segregated using
Whatman filter paper and then the filtered extract was stored
frozen for subsequent processes. CuNO; was prepared using a
waste electric wire from which the Cu-part was segregated and
washed with water. The cleaned Cu part was fragmented and pure
nitric acid was added drop by drop. Consequently, a reaction
occurred, which is presented as eqn (1). Afterward, the CuNO;
solution was placed in a 250 mL beaker and a burette was used to
add the leaf extract gradually. At that moment, the light blue color
of the solution became dark green. Again, using a burette, a NaOH
solution (2 M) was added dropwise into the mixture with con-
tinuous stirring to attain a pH of 12. During this time, the reaction
temperature was 80 °C.>' The reaction was continued until the
dark brown precipitate was formed. Afterward, the filtrate was
cleaned with deionized water and ethanol three times and once,
respectively. In the last step, the washed precipitate was dried at

Fig. 1 Fresh leaves of neem (Azadirachta indica).
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Fig. 2 Graphical representation of green-synthesized CuO NPs.

80 °C and then ground using a mortar and pestle for charac-
terization and application. The overall synthesis process of copper
oxide nanoparticles (CuO NPs) is depicted in Fig. 2.

soild Cu wire + conc. HNO; — CuNOj(solution) (1)

2.3. Characterization

The crystallographic phase was explored using a Rigaku SE
model X-ray diffractometer with a CuKa radiation source at
(1.5406 nm). During scanning, the temperature was 20 °C, and
the range was 20 to 70° with steps of 0.01. During this period,
the voltage and current were 50 kV and 40 mA, respectively.
A standard reference (silicon) was deployed for calibration
before analysis. To identify the functional groups of the green-
synthesized CuO NPs, an IR-prestige 21 Fourier Transform
Infrared Spectrometer (Shimadzu, Japan) was employed. The
attenuated total reflection (ATR) approach assisted in assem-
bling the FTIR data (wavenumber range: 400-4000 cm ).
During the generation of the FTIR spectrum, average scanning
and spectral resolution were 30 scans and 4 cm™ ', respectively.
The thermal stability of green-synthesized CuO NPs was
inspected using a thermogravimetric analyzer (PerkinElmer;
TGA 8000) in the scanning range of 50-800 °C. Nitrogen gas
was applied to maintain a neutral atmosphere inside the
apparatus. The generated CuO NPs’ surface characteristics
and chemical composition were analyzed using an SEM (scan-
ning electron microscopy) and an EDX (energy-dispersive X-ray
spectroscopy) device. During the analysis, the Zeiss machine
(SEM) operated at 25 kV and the AMETEK US EDX at 15 kV. The
synthesized nanoparticle was deployed as a catalyst and a
U-2910 UV-vis spectrophotometer was used to determine the
efficacy and degradation percentage of ciprofloxacin and CR
dye. In this case, the scanning range was 450-550 nm (CR dye)
and 200-400 nm (ciprofloxacin). Similar instruments were also
used in the previous work reported in the literature to charac-
terize the sample.*?

2.4. Point of zero charge

A material has zero surface density when it is at the point of
zero charge. First, 0.1 M of NaCl (30 mL) and a fixed amount of
catalyst (0.02 g) were taken in a conical flask to explore the
catalyst’s point of zero charge and its initial pH; was kept under
three conditions such as acidic (3, 5), neutral (7), and basic

2340 | Mater. Adv., 2025, 6, 2338-2355
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(9, 11) using HNO;3 and NaOH. Then to agitate the solution and
catalyst, the speed and time of the orbital shaker were 200 rpm
and 30 min, respectively, and after this step, the pH; of the sample
was noted to compute the pH value employing eqn (2):**

ApH = pH¢ — pH; (2)

2.5. Photocatalytic functioning

An SEN TAI JM-500 halogen lamp (500 W) was installed in a box
made of wooden material in which a beaker containing
the synthesized sample with the solution of pollutants (dye/
antibiotic) was placed to investigate the degradation percentage
and capacity. A relative humidity of 60% and a temperature of
25 °C were maintained during the experiment. In addition, the
halogen lamp was positioned at 0.14 meters from the solution.
Eqn (3) and (4) are the mathematical formulas for computing
the degradation percentage and capacity.**

Co—C;

Degradation percentage, D), = C
0

x 100 (3)

. . Cy—C
Degradation capacity, D, = % xV (4)

where Cj is the concentration of the sample at the initial stage,
C; is the concentration of the sample after time ¢, V is the
solution’s volume, and W is the catalyst’s weight.

2.6. Test for antimicrobial efficacy

The tested bacterial strains were purchased from Thermo-Fisher
Scientific Co. Ltd in lyophilized conditions and then sub-
cultured in our laboratory for further applications. All the strains
were reference strains containing a specific ATCC number
(Escherichia coli — 11303, Salmonella typhi — 13311, Staphylococcus
aureus — 9144, and Bacillus megaterium - 9885). The antimicro-
bial activity was explored by applying the typical agar well
diffusion approach. Gram-positive and Gram-negative strains
of bacteria were used in this research. The turbidity of the
McFarland standard was 0.5 and fresh cultures (5 pL) were
equally dispersed on the agar medium. The plates were set up
to generate an agar well (6 mm) and the cork borer used for this
investigation was sterile. Each well was filled with CuO NPs
(50 uL of 200 pg mL ™). Kanamycin was employed as a reference
standard, whereas DMSO was used as a solvent controller.
To ensure homogeneous dispersion, 4 °C was upheld for the
specimen at a fixed time (3 h). The zone of inhabitation was
determined after completing incubation at 37 °C aerobically and
24 h of incubation time.

2.7. Statistical analysis

To compare the data, a one-way Analysis of Variance (ANOVA)
test was executed using Microsoft Excel. A value of p < 0.05 was
considered statistically significant, whereas a value of p > 0.05
was considered statistically non-significant.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Crystallographic analysis of CuO NPs

Fig. 3 shows the X-ray diffractogram of CuO NPs generated via
the green approach. To ensure that the synthesized product was
CuO NPs, the obtained peaks in the X-ray diffractogram were
correlated with the standard database (ICDD: #00-005-0661).
The produced specimen was proven to be CuO NPs by the
International Centre for Diffraction Data (ICDD). The outcome
also aligned with the results previously reported in the litera-
ture. Table 1 exposes the peaks and planes of the generated
CuO NPs with standard data.

To compute the green-synthesized CuO NPs’ crystallo-
graphic parameters, eqn (5)-(11) were applied:***°

s K.

Crystallite size, D, = m )
Dislocation density, ¢ = ! (6)

y7 - Dcz
Microstrain, ¢ = -
icrostrain, & Tand )

H H H

Crystallinity index, CI = % (8)

1

- CuO

20000

Intensity (cps)

10000

30 40 50 60 70
20 (degree)

Fig. 3 Graphical representation of the XRD pattern of CuO NPs.

Table 1 Diffraction angles and planes of the generated CuO NPs with
their references

Diffraction angle (26)

Standard value

CuO NPs card no: #00-005-0661 Planes (h k [)
35.480 35.553 -111
38.669 38.730 111

48.446 48.761 —202
53.350 53.411 020

57.970 58.315 202

61.670 61.569 -113
65.840 65.806 022

67.840 68.140 220

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Estimation of the crystallographic parameters

Crystallographic parameters Deduced value

Crystallite size, D. (nm) 11.24

Dislocation density (10"* lines per m?) 0.0079

Lattice parameters (A) a=4.71,b = 3.38, ¢ = 5.05
Microstrain 0.53

Crystallinity index 1.84

Lattice parameter equation (Monoclinic),

I 1 (K Rsin’f P 2hlcosp )
ﬁ—sinzﬁ(a—ﬁ A A )

In the above-mentioned mathematical equations, 6 is the
angle of diffraction, K is Scherrer’s constant and its value is
0.90, H,, H,, and Hj; are the heights of the three strongest peaks,
p is the Full width at Half maxima in radian, and 4, k, [ and a, b,
¢ are the lattice parameters of crystals. The estimated values in
the case of crystallographic parameters are enlisted in Table 2.

To compute the preference growth, a specific plane (1 1 1)
was compared to three additional planes (—1 1 1), (—2 0 2), and
(0 0 2) and the relative intensity was considered (eqn (10)).
Eqn (11) was employed to assess the preference growth of the
(11 1) plane based on the relative intensities of the standard (RI)
and synthesized (RI;) samples. Similarly, the plane’s (—1 1 1)
preference growth was calculated against the (0 0 2), (1 1 1), and
(=2 0 2) planes. In the same way, the preferential growth of the
(02 0), and (2 2 0) planes was calculated, and all values are enlisted
in Table 3. The estimated positive value of preference growth
implied the thermodynamically favorable plane, whereas the
negative value mentioned the thermodynamically unfavorable
plane under the reaction condition.

o . Iany
Relative intensity, RI = 10
Ty + Loy + 1(—20) (10
RI; — RI
Preference growth, P = ————* (11)
Rl

3.2. Calculation of the crystallite size

The following model equations were applied from which the
crystallite size, energy density, and strain were estimated.
3.2.1. Linear straight-line method of Scherrer’s equation.
In 1918, the first scientist Paul Scherrer discovered the Scherrer
equation, which links the specific crystalline plane with peak
broadening of the X-ray diffraction motif. This relationship
focuses on spherical crystallite considerations for readability

Table 3 Calculation of the relative intensity and preferential growth

Relative intensity

Preferential
Plane Other three planes  Standard, Rl Sample, RI; growth
111 -111,002,-202 0.55 1.50 1.73
-111002,111,-202 0.58 0.45 —0.22
020 202,022,220 0.17 0.37 1.11
220 202,022,020 0.58 0.34 —0.38

Mater. Adv., 2025, 6, 2338-2355 | 2341
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instead of instrumental broadening or crystal defects.’” The
linear straight-line method of Scherrer’s (LSMS) eqn (12) was
developed considering Scherrer’s equation:*®

ki 1

cosf = X —
D B

(12)

1
The values of — and cos 6 were placed on the X and Y axes,

respectively, from which a straight line was evolved. The
originated straight line visualized in Fig. 4(A) was correlated
with the original straight-line equation (y = mx + ¢). The
computed crystallite size of the synthesized CuO was 92.43 nm.

3.2.2. Sahadat-Scherrer method. Based on the developed
Scherrer equation, this model took instrumental broadening
into account but ignored the intrinsic strain. By constructing a
straight line passing through the origin using all the reflected
peaks, the Sahadat-Scherrer (S-S) model was developed and its
mathematical expression can be found in eqn (13). This model
is well known for its simplicity, which applies to various
crystallite sizes.*®

K2 1

cosl = —Ds*s X TWHM

(13)

A line was made after plotting cosf on the Y-axis and

———— on the X-axis that was straight. Another straight line
FWHM & &

was formed with a zero intercept to ensure it goes through the
origin. The Sahadat-Scherrer model, which was utilized to
estimate the crystallite size of synthesized CuO, is depicted in
Fig. 4(B). The slope of the line was used to calculate the

1.2
1A 2 o 20—
— ® 0
T 038 s ®
)
S 06
% 0.4
g - y = 0.0015x + 0.8078
0.2
0
0 20 40 60 80 100
1/B (radian)
]
05 ¢
-1
__-15
8 -2 y=1.3474x-4.2197
T 25
% -3
= 35
°
4 0% o0 o e0—
-45 I o
5

0 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27

In1/cos6 (degree)
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crystallite size of the generated CuO, which came out to be
9.83 nm.

3.2.3. Monshi-Scherrer method. A. Monshi presented an
updated version of the Scherrer equation (eqn (12)), which
offered an innovative technique for assessing the crystallite
size. This new method revealed eqn (14) that was obtained by
applying the mathematical term logarithm on each side
of eqn (14).*° The main objective of this modification was
to minimize errors and encompass all reflections in the
computation of crystallite size.*

(14)

(15)

Fig. 4(C) was produced after plotting lnﬁ on the X-axis
and Inf on the Y-axis, resulting in the formation of a linear
equation, and the slope of the constructed equation was used to
estimate the average size of the crystal. The resulting equation
was then compared to the standard linear equation and the

intercept was equal to In k—; = (—4.21). The calculated crystallite
size of CuO was 9.43 nm by employing the Monshi-Scherrer
method (MSM).

3.2.4. Halder-Wagner method. According to the Halder—
Wagner method (HWM), the XRD reflection cannot be fully
explained by either a Gaussian or Lorentzian function or a
combination of both. This method introduced a new idea to

1.4
1.2 B e

0.8 @
0.6 -7
0.4

0.2

cosO (degree)
\

y=0.0141x

0 50 100

1/FWHM (radian)

0.005
00045 p
0.004
0.0035
0.003
0.0025
0.002
0.0015
0.001
0.0005

((*Bhucos8/(2sinB))?

y = 0.0198x - 9E-05

0 0.1 0.2 03

(*Bricos6/(2sin6)?)

Fig. 4 Determination of the crystallite size using the linear straight-line method of Scherrer's equation (A), Sahadat—Scherrer method (B), Monshi-

Scherrer method (C), and Halder—Wagner method (D).
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focus on the cell and reciprocal lattice point.*' In this model,
the reflection’s tail follows the Lorentzian function. In contrast,
the Gaussian function follows the peak. By using this combi-
nation, referred to as the Vigot function, eqn (16) precisely
represents the broadening of the XRD peak."!

B = BiBua + Bi® (16)

The integral breadth can be  expressed as
* B = <w>, while a lattice plane spacing can be

. 2sin(0
written as xdj; = ( ,( )
A

). Eqn (17) represents the Halder-

Wagnar approach in a mathematical context. Eqn (18) was
created by swapping out the lattice plane and integral breadth
to compute the strain and size of crystallites.*?

2 2
B 1 ) (*ﬂhk!) 2
— ] == )+ (2 17
(*dhld) (Dw g (2) a7
*Bs €0s(0) 2_L *Bjs c0s(0) 2
( 2sin(0) " Dy \ 2sin(0)? +(2) (18)
. * B cos(0) ? :
By placing all values of ( 2sin(0) on the Y axis, and

(M) on the X-axis, an equation was formulated,
2sin(0)?

which can be observed in Fig. 4(D). The size of the crystallite
was determined from the generated slope, and the strain
from the evolved intercept. In the case of the generated
CuO, the crystallite size measured 5.05 nm and the strain
was (1.5 x 107°).

3.2.5. Williamson-Hall plot. The equation of Scherrer does
not consider the crystals’ lattice condition originating from the
staking faults, line defect, point defect, lattice strain, area
defect, grain boundary, etc., whereas real crystals invariably
contain defects that induce strain.*** Eqn (21) provides a
comprehensive description of the overall broadening from the
Williamson-Hall perspective considering the impact of strain and
size. Stokes and Wilson formulated the following mathematical
expression eqn (19) to estimate strain using peak broadening,
with the value being influenced by the tan() term.**

Pstrain = 4-&-tan(0) (19)

The following eqn (20) was derived by rearranging eqn (18)
to calculate the strain:

_ ﬁ strain

¢ 4tan(0) (20)

The crystal size can be calculated by the following eqn (21)
based on the Scherrer eqn (12):

K2

Bsize = Doosd

(21)

The peak broadening of the sample was influenced by the
size and strain, and the full width at half maxima (FWHM) can
be expressed as follows:

,Btotal = ﬁsize + ,Bstrain (22)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Eqn (23) and (24) were obtained by substituting fg,. and
Pstrain With new variables in eqn (22), resulting in the well-
known Williamson-Hall equation:

K
Browr = 5y oosg T 4etan0 (23)
KA sin 0
=L 44— 24
Brota DcosO ' cosO (24)

The crystals are present in various environments, resulting
in the segmentation of the Williamson-Hall equation into three
distinct modified forms: the uniform deformation model (UDM),
the uniform deformation energy density model (UDEDM), and
the uniform stress deformation model (USDM).

3.2.5.1. Uniform deformation model (UDM). Following the
uniform deformation model (UDM) of the W-H model, the
crystals within the powder sample are predicted to uphold
identical strain, referred to as isotropic deformation of crystals.
The conversion of eqn (24) gives rise to the following renowned
eqn (25) by multiplying both sizes with cos(f) within the uni-
form deformation model context to compute the crystallite size
and strain in the crystals where ¢ is the strain, 4 is the
wavelength of the X-ray source, K is the Scherrer constant,
D is the crystallite size, and i is the full width at half
maxima:*?

kA .
cos(0) B o = ) + 4esin(0) (25)

The crystallite size and strain were computed considering
the intercept and the slope of the equation by taking cos(0)fotal
on the Y-axis and 4. sin(6) on the X-axis in Fig. 5(A). After that,
the generated equation and the standard linear equation
(y = mx + ¢) were compared, from which the crystallite size
was estimated. The crystallite size was determined to be
8.45 nm. The intrinsic strain was computed using the slope
and a value was obtained, which was found to be 0.0004. Due to
the negative value of intrinsic strain, it indicated the generation
of compressive strain.*®

3.2.5.2. Uniform stress deformation model (USDM). As
described in the consistent strain deformation model, finding
uniform stress deformations in real crystals can be quite
complex. In all directions, the powder sample’s homogenous
lattice stress deformation was estimated by the uniform
stress deformation model (USDM). A mathematical formula
has been established considering the strain (¢) and
stress (o) in the elastic limit based on Hook’s law that is
presented in eqn (26) and (27). The modulus of elasticity
(Young’s modulus) is represented as Y in the following
equation:*’

0= Ynré [26)
Or
o
&= 27
Y 27)
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Fig. 5 Determination of the crystallite size using the uniform deformation model (A), uniform stress deformation model (B), uniform deformation energy

density model (C), and size-strain plot method (D).

Eqn (28) is a well-known representation of uniform stress
deformation, established by placing eqn (27) in eqn (25):*®

ki 4-gsin(0)

COS(H)ﬁtotal = D + Yot
1,

(28)

The plot in Fig. 5(B) shows the relationship between
4 -sin(0)

Yot
was compared with the straight-line equation to compute the
stress value. Young’s modulus value was 676.76 GPa."> Addi-
tionally, the crystallite size became 8.45 nm taking into account
the intercept of the equation and the estimated stress was
303 x 10° N m 2 The computed value of strain utilizing
eqn (27) was found to be 4.47 x 10™%.

on the X-axis and cos(0)fa On the Y-axis. Eqn (28)

3.2.5.3. Uniform deformation energy density model (UDEDM,).
The presence of defects in real crystals poses a challenge in
achieving consistent stress and strain. To overcome this, the
Williamson-Hall model was used. The uniform deformation
energy density model (UDEDM) was established considering
the novel idea of energy density along with the size and stress of
crystallites. To evaluate the size and stress of crystallites as the
anisotropic strain is uniform, a new concept known as energy
density was included, leading to the development of the widely
recognized uniform deformation energy density model
(UDEDM).*® eqn (29) and (30) illustrate the formulation of
Hook’s law concerning energy density:*’

Y
82 - —_—

w= 3 (29)

2344 | Mater. Adv, 2025, 6, 2338-2355

V2u
vV Y

&E =

(30)

Eqn (30) was subjected to a transformation where the strain
was substituted with the energy density, leading to the formu-
lation of a distinct eqn (31) known as UDEDM:

k7. . V2u
c08(0) Biotal = —= + 4sin(0 31
( ) total D ( )\/m ( )
4sin(0
In Fig. 5(C), an equation was formed by plotting \;1;]%) on

the X-axis and cos(0)fiwrar On the Y-axis, which was used to
estimate the crystallite size and energy density. The resulting
intercept of this calculation yielded a crystallite size of 8.45 nm.
Moreover, the intercept also provided an energy density of
67.28 k] m™> from which the strain was estimated to be
0.00044.

3.2.6. Size-strain plot method. The size-strain plot method
is commonly used to estimate the model that relates the
dimensions of crystallites and the anisotropic crystals present.
In anisotropic crystals, the strain is characterized by the Gaus-
sian function (fig), while the size-related aspects are depicted by
the Lorentzian function (8.) (eqn (32)).>° This graphical repre-
sentation is especially beneficial for low-angle analysis, which

can be mathematically represented as eqn (33):>**

(32)

total — ﬁL + ﬁG
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Table 4 Estimated crystallite size of CuO NPs from various model
equations

Model name Crystallite size (nm)

LSMS 92.43
S-S 9.83
MSM 9.43
HWM 5.05
W-H UDM 8.45

USDM 8.45

UDEDM 8.45
SSP 7.00

82

kA
(dhkt By c05 0)° = B(dhkﬂ B €08 0) + 1 (33)

An equation was built by plotting (dfncos 6)* on the Y-
axis and (dpufnrcos 0) on the X-axis, as depicted in Fig. 5(D).
The resulting equation was correlated with a straight-line
equation. The slope of the line represents the crystallite size
measurement, which was calculated to be 7.00 nm. Further-
more, the line’s intercept allowed for the strain’s estimation,
resulting in a value of 0.02. The computed crystallite sizes using
several model equations are enlisted in Table 4.

3.3. FTIR analysis

Fig. 6(A) depicts the FTIR spectrum of Azadirachta indica leaf
extract in which the wave number 3347 cm ™" was for the strong
stretching band that related to the overlapping of the bending
vibration of N-H of the amine group and OH stretching
vibration of the phenolic group in the neem leaf extract. The
peak at 1634 cm ™~ ' was for C=O stretching of the -COOH group

112
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€
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Fig. 6 FTIR spectra of leaf extract (A) and CuO NPs (B).
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in the extract. A similar result was observed in the earlier
investigation.®® The bands at 661 and 551 cm™ " were for alkyl
halide, whereas 599 cm ™' was assigned to the ~OH stretching
vibration. The previous exploration yielded similar results.>*

The functional groups of the green-synthesized CuO NPs
were obtained by analyzing the FTIR spectra visualized
in Fig. 6(B). The absorption band at a low range of 489 to
695 cm™ ' confirmed the vibration mode of Cu-O. Comparable
forms of vibration mode were documented in the previous
literature and the range of wavenumber was within 400-700 cm™*.>>
The wavenumber of 927 cm™ " was the indicator of alkene (C-H and
C=—C bond); related peaks were identified in the literature and the
range was 841-937 cm™ .>® The wavenumber of 1061 cm ™" indi-
cated the C-O stretching of phenols that was assured by the previous
exploration, where the range was 10421076 cm™ *.%” The absorption
band at 1374 cm ™" (in the earlier exploration was 1381 cm™ ") could
be because of the alkene group’s C-H stretching vibration or the
esters’ O-C-O stretching.”” The peaks at 1488 cm ™" and 1587 cm ™"
indicated the N-H groups of amines due to the biomolecules from
leaf extract; this one was very close to previous outcomes (1518-
1580 cm™').>® The absorption band at 2358 cm™' was assigned
to the presence of environmental carbon dioxide which matched
the earlier reports (2300-2385 cm™ ') as well.>* The peak found at
3309 cm™ " was indicative of the stretching vibration of O-H that was
found in the previous investigation (3264-3356 cm ™ *).*° The peak of
3577 ecm™ ' was very similar to the peak (3570 cm ™) of the previous
study that was ascribed to the N-H stretching of amines involved in
the stabilization of CuO NPs.*!

3.4. Thermogravimetric analysis

The weight loss of green-synthesized CuO NPs during scanning
through a thermogravimetric analyzer occurred in three stages,
as graphically represented in Fig. 7. In the first stage (50-
140 °C), 3.42% weight loss occurred on account of the evapora-
tion of the molecules of water from the surface of the produced
nanoparticles. Then, 16% weight loss (50-140 °C) was pre-
viously reported in the literature due to the same reason.®>**
The next two stages of weight loss occurred in the temperature
range of 130-200 °C and 201-650 °C, respectively. The obtained
weight loss was 4.08% and 6.72% as well. These occurred
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Fig. 7 Thermogravimetric analysis of CuO NPs.
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Fig. 8 SEM micrographs (A), EDX spectra (B), and histogram analysis (C) of CuO NPs.

because of the combustion or decomposition of biomolecules
on the surface of CuO NPs synthesized using the Azadirachta
indica leaf extract. The same reason was also mentioned in the
prior research investigation in which the weight loss became
17% (160-270 °C) and 48% (270-480 °C).°>

3.5. Scanning electron microscopy

The morphological features of the green-synthesized CuO NPs
were explored using an SEM, and the obtained image is
represented in Fig. 8(A). The micrograph depicted the nano-
particles as spherical with an agglomeration state previously
reported in the literature with a particle size of 50-100 nm.**°*
From the particle size distribution histogram visualized in
Fig. 8(C), the computed size of the particle was 68.73 nm, which
was within the range of earlier results. In addition, an energy-
dispersive X-ray spectra (EDX) analyzer assured the chemical
structure of the obtained product. Fig. 8(B) portrays the EDX
graph of the CuO NPs, which revealed the weight percentages of
76.55% (copper) and 23.45% (oxygen) in the prepared nanoparticles
that also supported the early exploration, where the weight percen-
tages were 73.15% (copper) and 22.17% (oxygen).®® In the EDX
spectrum, the peak for copper was so intense that confirmed the
incredible crystalline particles of CuO NPs.

2346 | Mater. Adv, 2025, 6, 2338-2355

3.6. Point of zero charge

A pH higher than the pHzpc value indicates a negatively
charged catalyst surface, while a pH lower than the pHypc value
suggests a positively charged surface. The point of intersection
was obtained after plotting the values of ApH and pH; on the
Y-axis, as well as the X-axis, respectively (visualized in Fig. 9).
The pHzpc value generated was 8, higher than the pH 7 of the
collective trial with the maximum degradation percentage.
Congo red is an azo dye that carries a negative charge. There-
fore, the negatively charged CR dye and the positively charged

12

ApH
o
~N

Fig. 9 Estimation of the point of zero charge of CuO NPs.
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catalyst experienced strong electrostatic forces leading to a
maximum degradation percentage.®”

3.7. Photocatalytic activity of CuO

3.7.1.
the degradation percentage and capacity were changed signifi-
cantly. The rate of degradation increased progressively with the
increasing time, but at a certain time, the percentage became
eternal. This happened due to the saturation of the catalyst’s
active site.°® The maximum degradation was 95% at 120 min
and the minimum was 74% at 30 min. The same inci-
dent happened for the degradation capacity. The maximum
degradation capacity value was 7.6 mg g ' at 120 min. The
degradation percentage and capacity with time intervals are
graphically represented in Fig. 10(A).

3.7.2. Implications of various catalyst dosages. The photo-
catalytic activity relies on the catalyst amount depicted in
Fig. 10(B). To see the impact of the catalyst’s dosages on the
degradation capacity and percentage, 0.025-0.3 g catalyst was
taken. Nearly, 95% was the highest degradation percentage due
to 0.1 g catalyst. Furthermore, the degradation capacity came
down substantially. The observed situation in photodegrada-
tion that followed can be explained by the photocatalyst parti-
cles clustering together with the increasing amount of the
catalyst. As a result, it lessens the light that reaches the

Impact of time variation. With the time variation,
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catalyst’s active sites.® The maximum degradation capacity
was 26 mg g~ ' because of the 0.025 g catalyst. To carry out
the next two parameters, 0.1 g catalyst and 120 min were taken
as fixed.

3.7.3. Influence of distinct concentrations of the dye.
Fig. 10(C) represents the impact of several dye concentrations
(5-40 ppm) on the degradation capacity and percentage. The
degradation percentage escalated minimally due to the varia-
tion in dye concentration, but at 40 ppm, the percentage
dropped modestly and became 89%. As the dye concentration
increased, so did the amount of dye that remained unabsorbed
by the solution. Consequently, reduced light penetration
through the solution may inhibit the light from reaching the
photocatalyst surface. Thereby, the degradation percentage
falls due to the diminishing of the concentration of radicals
(*OH) on the surface.”® The highest value was approximately
95% when the dye concentration was 20 ppm. On the contrary,
the degradation capacity climbed sharply and the maximum
capacity was 14 mg g~ ' at 40 ppm concentration.

3.7.4. Consequences of various pH limits. Beneath the
light source, the solution’s pH impacts the photodegradation
percentage and capacity, as illustrated in Fig. 10(D). The maxi-
mum degradation was 95% at a medium pH level (pH 7). Both
the degradation capacity and percentage were topmost at
the intermediate level (pH 7) rather than higher (pH 9) and
lower (pH 5) levels. The maximum degradation capacity was
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Fig. 10 Assessment of the degradation capacity and degradation percentage of the CR dye based on time variation (A), catalyst dosage variation (B),

distinct dye concentrations (C), and various pH limits (D).
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7.6 mg g~ ' at pH 7. Consequently, the photochemical reaction
that was initiated by the synthesized CuO NPs was profoundly
influenced by surplus hydrogen and hydroxyl ions.”* Moreover,
the immediate interaction between the CuO catalyst and the CR
dye molecules is significantly slower in acidic environments.”
So, the ideal pH was determined to be 7 because it did not
require extra acid or base like pH 5 and pH 9.

3.8. Ciprofloxacin degradation

The degradation of ciprofloxacin across several time intervals
was noted (visualized in Fig. 11). In this case, 0.1 g of CuO
catalyst and 20 ppm of 40 mL ciprofloxacin solution were taken
to evaluate the percentage and capacity of degradation. The
maximum and minimum degradation were 80%, and 60% at
210 min and 60 min, respectively. At the same time, the
degradation capacity was maximum at 210 min and the value
was 6.46 mg g ..

3.9. Kinetic studies

A well-known model equation (Langmuir-Hinshelwood) was
used to compute the dye degradation rate. According to the
Langmuir-Hinshelwood model equation, the mathematical
correlation between the concentration considering time ¢ (min)
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Fig. 11 Assessment of the degradation percentage and capacity of cipro-
floxacin based on several time intervals.
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and the degradation rate can be revealed using eqn (34):”
_ % _ KrKae (3 4)
o dt 1+ K, C

In eqn (33), K; is the rate of reaction and K, is the adsorp-
tion equilibrium constant. The reaction is the expression of a
pseudo-first-order reaction. After abandoning the denominator
and considering C, (¢ = 0) negligible because of its small value,
the newly formed eqn (35) is given as follows:”*

C
In (g) = K, Koot = Kuppt

1

(35)

Co

After plotting In ( C ) on the Y-axis and time (¢, min) on the

t
X-axis, the generated slope is the indicator of the apparent first-
order rate constant (K,pp). The obtained rate constant from the
graph (visualized in Fig. 12) for the green-synthesized CuO was

0.0198 min~ " (CR dye) and 0.0047 min " (ciprofloxacin).

3.10. Recyclability and stability of photocatalysts

To examine the longevity of the generated catalyst, A recycling
test for the degradation of CR dye and ciprofloxacin was carried
out. To evaluate the reusability in the case of the degradation of
CR dye, 0.1 g catalyst and 20 ppm of 40 mL dye solution were
taken in a beaker and placed under a halogen lamp for 120 min.
In the case of ciprofloxacin, the time was 210 min and other
parameters were similar. Three cycles were executed and after
completing every cycle, the catalyst was decanted and washed
three times with water. After oven drying at 80 °C, the catalyst was
used for the subsequent cycles. Gradually, the degradation percen-
tage and capacity dropped because of the reduction of the
catalyst’s active site after every cycle. Fig. 13 depicts the recyclability
and stability of green-synthesized Ag,O NPs. ANOVA tests revealed
that the p-values due to degradation percentage were 0.015%
(CR dye) and 0.007% (Ciprofloxacin) during the reusability
test of the catalyst. Therefore, in this case, the degradation
percentage was statistically significant because the p-value
was smaller than 0.05. Furthermore, the p-values for degrada-
tion capacity were 0.20% (CR dye) and 0.32% (Ciprofloxacin);
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Fig. 12 Kinetics of the photocatalytic degradation of CR dye (A) and ciprofloxacin (B) using CuO NPs as photocatalysts.
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Fig. 13 Recyclability test of Ag,O NPs for the degradation of CR dye (A) and ciprofloxacin (B).
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Fig. 14 Scavenger test for CR dye (A) and ciprofloxacin (B).

both were greater than 0.05, and hence, the degradation
capacity was statistically insignificant.

3.11. Scavenging experiment

To observe the active site of the catalyst during the breakdown
of CR dye and ciprofloxacin, radical scavenging tests were
performed using EDTA (ethylene diamine tetraacetic acid),
DPPH (2,2-diphenyl-1-1-picrylhydrazyl) and IPA (isopropyl alcohol).
DPPH and IPA were for free and hydroxyl radicals, respectively,
while EDTA was for scavenging holes.”” Due to the addition of
the scavenger, the degradation percentage of CR dye (95%) and
ciprofloxacin (80%) dropped, which is portrayed in Fig. 14. The
degradation of ciprofloxacin was 31% (DPPH), 44% (IPA), and 35%
(EDTA), while that of CR dye was 36% (DPPH), 50% (IPA), and 11%
(EDTA). The scavenging experiments gave the same outcome as the
prior exploration.”®””

3.12. Mechanism of the photocatalytic decomposition of
pollutants

Numerous earlier studies have demonstrated the utilization of
CuO nanoparticles as photocatalysts to disintegrate both indus-
trial and pharmaceutical pollutants. As CuO nanoparticles
become exposed to light, they generate hole (h*)-electron (e™)
pairs. This occurs when electrons move from the valence band
to the conduction band.”® When electrons (e”) and holes (h*)
are created, the electrons and holes act as reducing agents and
oxidizing agents, respectively. The photo-generated electrons
and holes are confined to the CuO surface during photocatalysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The electron interacts with the adsorbed oxygen and
it generates superoxide radicals. The generated superoxide
radical can act as a reductant or an oxidant.”’ The potent
oxidant (hydroxyl radical) is yielded due to the interaction of
adsorbed water and holes. Several contaminants may be
degraded during the photocatalysis of CuO because, at the time
of photocatalysis, it generates numerous reactive molecules
(ecs”, hyg, OH®, 0,*", H,0,, O,, etc.) with byproducts (CO,
and H,0).%° The dye degradation step during photocatalysis is
depicted in Fig. 16.

The following eqn (36)-(43) are the expressions of the
reaction during photocatalysis, and Fig. 15 depicts the dye/
antibiotic degradation mechanism.”® Furthermore, the out-
come of this exploration was compared to the previously
reported results in the literature (enlisted in Table 5).

CuO NPs + v — CuO NPs(ecg”) + hyg (36)

h*+OH - OH’ (37)

OH + reactant — Oxidised product (38)

e +0, > 0,°” (39)

0, + H" - HO,* (40)

HO,* + HO,* —» H,0, + 0, (41)

H,0, + ecg” — OH® + OH™ (42)
Mater. Adv., 2025, 6, 2338-2355 | 2349
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Fig. 15 Schematic of the dye degradation mechanism by CuO NPs.
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Dye and catalyst after 120 min
Fig. 16 Dye degradation step during photocatalysis.
Table 5 Comparison chart revealing the degradation of pollutants
Name of Crystallite Degradation
catalyst Synthesis approach size (nm) Source of light Name of the pollutant percentage (%) Ref.
CuO GM 12.24 HL Congo red dye 95.4 This work
CuO GM — HL Ciprofloxacin 80 This study
CuO Sol-gel method 17 SL Methylene blue dye 94.07 81
CuO GM 20 SL Methylene blue dye 92 82
CuO Biogenic method — UV-vis light Rhodamine B 65 83
CuO GM 8.42-9.42 — Methyl orange 96.4 84
CuO/Fe,03 GM — UV-vis light Tetracycline 88 85
CuO/ZnO Hydrothermal method — SL Ciprofloxacin 93 86

Abbreviations: GM - green method, HL - halogen lamp, SL - sunlight.

Reactant + O, — degradation products (43)

3.13. Antimicrobial activities of green-synthesized CuO NPs

Nano-based remedies have been extensively researched to pre-
pare new medications for detecting and treating illnesses.
Similar to copper oxide nanoparticles (CuO NPs), metal oxide

2350 | Mater. Adv., 2025, 6, 2338-2355

nanoparticles have been extensively explored for their antimi-
crobial features against several pathogenic bacteria. According
to previous investigations, CuO NPs can inhibit several infec-
tions because of their identical antimicrobial activity. Fig. 17
portrays the antimicrobial activity of green-synthesized CuO
NPs obtained from the leaves of the medicinal plant Azadirachta
indica against Gram-negative and Gram-positive bacteria. In this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Antimicrobial effectiveness of CuO NPs against Gram-negative and Gram-positive bacteria.

case, kanamycin was used as the standard. Gram-positive
(S. aureus and B. megaterium) and Gram-negative (E. coli and
S. typhi) bacteria were manipulated to assess the antimicrobial
activity of the generated product. The diameter of the zone of
inhibition for the standard was 29 mm and 25 mm for S. aureus
and E. coli, respectively. In contrast, for B. megaterium and
S. typhi, the inhibition zone’s diameter was similar (22 mm) to
that of the standard. The maximum zone of inhibition was
27 mm for S. aureus, whereas the minimum was 13 mm in the
case of S. typhi for green-synthesized CuO NPs. In the case of
B. megaterium, and E. coli, the inhibitory active zone of CuO
NPs was 14 mm, and 20 mm, respectively. Therefore, the
highest active zone of CuO NPs was 27 mm for S. aureus
(Gram-positive bacteria), which was nearly the standard. Sev-
eral researchers also looked at CuO NPs’ antibacterial proper-
ties, which are included in Table 6. The ANOVA tests revealed
that the p-value was 0.03 in the inhibition zone and the p-value

was smaller than 0.05, and hence, it was statistically
significant.

3.14. Mechanism of the antimicrobial activity of CuO NPs

Reactive oxygen species are produced from green-synthesized
CuO NPs, which traverse the cell membrane of the bacteria and
then penetrate the membrane of the cell. Then, the penetrated
CuO NPs inhibit the raising of the cells of bacteria; conse-
quently, it causes cell death.®® Moreover, hydroxyl radicals and
superoxide are released from CuO NPs, which also causes
bacteria cell death.”® The generated reactive oxygen species
(ROS) from CuO NPs can damage DNA, protein, mitochondria’s
functionality, and the stability of ribosomes.”” In this way,
green-synthesized CuO NPs prevent the growth of both Gram-
positive and Gram-negative bacteria. Fig. 18 depicts the mecha-
nism of the antimicrobial capacity of green-synthesized
CuO NPs.

Table 6 Comparative visualization of the antimicrobial activity, showing the inhibition zone of the synthesized CuO NPs versus previous studies

Zone of inhibition (mm)

Nanoparticles Source of plant E. coli S. aureus S. typhi B. megaterium Ref.
CuO Azadirachta indica 20 27 13 14 This
study
CuO Bifurcaria bifurcate — 16 — — 87
CuO Phyllanthus amarus 24 28 — — 88
CuO Aerva javanica 5 9 — — 89
CuO Nilgirianthus ciliatus 13 15 — — 90
CuO Ocimum tenuiflorum 14 12 — — 91
CuO Pterocarpus marsupium 10 11 — — 92

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Illustration of the function of CuO NPs in antimicrobial capacity.
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Fig. 19 FTIR spectra of CuO after the degradation of CR dye (A) and 0 3'0 4'0 5'0 6I0 70

ciprofloxacin (B).

3.15. FTIR analysis of the catalyst after photocatalytic activity

There were no additional peaks of CuO NPs after dipping in CR
dye and ciprofloxacin. Fig. 19 reveals that even after the
photocatalytic experiment was over (degrading the dye and
ciprofloxacin), the functional groups of CuO NPs remained
the same as those of the raw catalysts. Therefore, the photo-
catalytic activity had no impact on the CuO NPs.

3.16. XRD analysis of the catalyst after photocatalysis

The X-ray diffractogram of CuO after photocatalysis in both
ciprofloxacin and dye is displayed in Fig. 20. However, there
was no change in the peak position compared to the X-ray

2352 | Mater. Adv., 2025, 6, 2338-2355

20 (degree)

Fig. 20 X-ray diffractogram of CuO after the degradation of dye and
ciprofloxacin.

diffractogram of CuO before photocatalysis (Fig. 2), which
indicated that after the completion of the photocatalysis pro-
cess, the catalyst’s crystal structure remained stable.

3.17. Discussion

CuO NPs were synthesized using the leaf extract of Azadirachta
indica, a common plant with excellent medicinal value. Besides,
a waste electric Cu wire was used for the synthesis process.
Therefore, the overall synthesis process was eco-friendly
through the proper utilization of waste and leaf extract. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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activity of this nano-sized (less than 100 nm) product was
outstanding as a catalyst because it was able to degrade the
CR dye (95.4%) and ciprofloxacin (80%). These two pollutants
cause serious water pollution and create a scarcity of fresh
water. Table 5 reveals the comparison of this product as a
catalyst with previous explorations. Moreover, the green-
synthesized CuO NP was able to inhibit the growth of Gram-
positive (S. aureus and B. megaterium) and Gram-negative (E. coli
and S. typhi) bacteria. Table 6 compares the inhibition zone of
this product with that reported in previous studies.

3.18. Socio-economic importance

This research project focused on sustainable development goals
(SDGs) towards 3Rs - reduce, reuse, and recycle for waste manage-
ment to save the environment. Due to swift technological advance-
ment and the usage of technological items in every sector, the
amount of waste Cu-wires has increased with no bounds. Hence,
the proper utilization of electronic waste can help to achieve the
SDGs. Consequently, green-synthesized CuO NPs are beneficial to
society by promoting eco-friendly production through the utiliza-
tion of leaf extract and waste cable wires, combating antimicrobial
resistance and enabling water pollution remediation, contributing
to public health and environmental sustainability. Moreover, the
cost of production for green-synthesized CuO NPs is relatively low
due to the use of readily available Azadirachta indica leaf extract
and the utilization of waste cable Cu wires. However, the scal-
ability of the green synthesis process, the long-term stability of
CuO NPs, and real-world applicability in complex wastewater
remain unexplored due to the lack of large-scale production and
application facilities.

4. Conclusion

CuO NPs have been successfully synthesized using the leaf extract
of Azadirachta indica (a ubiquitous medicinal plant), which was
ensured by correlating the XRD data with the standard ICDD data.
The crystallite size of CuO NPs was less than 100 nm (nano size), as
validated by all of the model equations. The thermogravimetric
analysis revealed a total of 30.22% weight loss of the synthesized
CuO NPs. The particle size was 68.72 nm, which was computed
through histogram analysis. This study showed that CuO NPs
effectively degraded ciprofloxacin and CR dye and remained cata-
lytically effective after three reuse cycles. The maximum degrada-
tion was 80% (ciprofloxacin) and 95% (CR dye). The Azadirachta
indica leaf extract-mediated CuO NPs effectively inhibited the
growth of Gram-negative and Gram-positive bacteria and the widest
zone of inhibition was 27 mm (S. aureus). These research findings
reveal that green-synthesized CuO NPs have the potential activity to
inhibit bacterial growth and treat wastewater. Therefore, future
research may investigate advanced characterization techniques,
expand studies on the antibacterial spectrum, and analyze detailed
degradation mechanisms. Optimizing synthesis parameters and
biocompatibility, testing real wastewater samples, and scaling up
eco-friendly synthesis for industrial use hold great potential.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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