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The present article explores the synthesis of copper oxide nanoparticles (CuO NPs) utilizing Asterarcys

quadricellulare algal extract and examines the effect of various reaction parameters on the size and

morphology of the nanoparticles. The samples were thoroughly characterized using XRD, FTIR, UV-vis,

FE-SEM, and EDS techniques. The XRD analysis disclosed that the size of the synthesized nanoparticles

could be controlled by adjusting the reaction parameters, ranging from 4.76 nm to 13.70 nm along the

highest intensity plane (111). FTIR spectroscopy provided evidence that the phytochemicals are present in

the algal extract. We have compared the photocatalytic activity of biologically and chemically

synthesized CuO NPs and observed that biologically synthesized CuO NPs showed better photocatalytic

activity than chemically synthesized CuO NPs. The biosynthesized CuO NPs (S8) demonstrated

outstanding photodegradation activity towards four different organic dyes, namely BBY, BG, EBT, and

MG, with degradation percentages of 95.78%, 98.02%, 94.15%, and 96.04%, respectively. The maximum

degradation efficacy of 98.02% was observed for the BG dye at optimized reaction conditions and

60 min of visible light exposure. The kinetics of the photodegradation reaction followed the pseudo-

first-order kinetic model, and the rate constant (k) was calculated using the Langmuir–Hinshelwood

model for each dye. This study provides an efficient and sustainable approach for synthesizing CuO NPs

with superior photocatalytic degradation efficiency towards organic dyes.
Introduction

Wastewater treatment is a critical area of research due to its
signicance in protecting the ecosystem. With the advancement
in industrialization and urbanization, the amount of waste-
water produced has increased exponentially, leading to the
release of harmful pollutants into the ecosystem.1,2 Organic dyes
are widely utilized in the textile,3 leather,4 paper,5 and food
industries6 and have emerged as one of the signicant pollut-
ants in wastewater. These dyes pose a substantial threat to the
environment as they are non-biodegradable and can persist for
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a longer time, leading to water pollution and health hazards due
to their toxicity, carcinogenicity, and mutagenicity.7 The
commonly used dyes are bismarck brown Y (BBY), brilliant
green (BG), eriochrome black T (EBT), malachite green (MG),
and so on, which have adverse impacts on the environment.
BBY, BG, and MG dyes are used in the dyeing of wool, silk,
leather, textile, and paper and also in the preparation of bio-
logical stains.8–10 EBT dye is utilized as a complexometric indi-
cator for metal ions in analytical chemistry.11 The presence of
these organic dyes in wastewater is associated with severe
health hazards, including toxicity to aquatic organisms and
potential risks to human health, such as respiratory difficulties,
skin irritation, and allergies. Consequently, researchers have
focused their efforts on developing methods to eliminate these
dyes from water sources in order to mitigate their environ-
mental impact.12 Various chemical and physical methods have
been employed to solve the problem, such as coagulation,
occulation, ion exchange, membrane ltration, and adsorp-
tion.13 Although these physiochemical approaches are effective
in separating the dyes from wastewater, the toxicity of the dyes
from the environment is not eliminated completely. Moreover,
RSC Adv., 2023, 13, 28179–28196 | 28179
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these physiochemical methods are costly and ineffective,
leading to the generation of secondary byproducts requiring
additional processing. Over the last decade, photocatalysis has
gained attention as a potential method for the efficient degra-
dation of organic dyes from wastewater.14,15 This method
involves the use of a photocatalyst, typically composed of metal
oxide nanoparticles, to facilitate the breakdown of organic
pollutants under the inuence of light.16

Metallic nanomaterials obtained from earth-abundant and
inexpensive metals have gained considerable attention owing to
their potential as practicable alternatives to rare and expensive
metals such as gold,17 silver,18,19 platinum,20 titanium,21 etc.
Among many nanomaterials understudy the copper oxide
nanoparticles (CuO NPs) have gained considerable attention
due to their desirable physical and chemical properties,
including catalytic, optical, electrical, and magnetic proper-
ties.22,23 Additionally, having a high surface area to volume ratio,
CuO NPs exhibit antibacterial and biocidal properties and are
effective in reducing organic pollutants like organic dyes, heavy
metals, phenols, nitrogen-containing fertilizers, insecticides,
and other agrochemicals.24,25 As a result, researchers have
identied CuO NPs as a viable solution for removing organic
dyes from wastewater.

Several methods have been developed for the synthesis of
CuO NPs, including chemical, physical, and biological
approaches. Among these, the biological method is green,
reliable, eco-friendly, cost-effective, and novel for the synthesis
of CuO NPs.26 The biogenic route of copper-based nano-
materials synthesis includes utilization of plant extracts, viz.,
root, bark, stem, leaf, ower, fruit, and seed and also microor-
ganisms, for example, algae, bacteria, yeast, virus, and fungi.27

Especially, the use of algae for synthesizing CuO NPs has yet to
be extensively studied. Algae contain several bioactive
compounds, such as polysaccharides, proteins, and enzymes,
that aid in the reduction and stabilization of metal ions,
resulting in the synthesis of nanoparticles with high purity and
yield.28 Moreover, algal extract offers superior control over the
shape and size of the synthesized nanoparticles. Therefore, the
algal extract-mediated synthesis of nanoparticles is a promising
and sustainable approach for the green synthesis of nano-
particles with potential applications in various elds such as
medicine, energy, and environmental remediation.29 There are
only a few reports published on the synthesis of CuO NPs using
algal extract. In 2014, Abboud et al. synthesized highly stable
CuO NPs by utilizing brown algae Bifurcaria bifurcate and
studied their antibacterial activity against two different strains
of bacteria Staphylococcus aureus and Enterobacter aerogenes.30

Ramaswamy et al. reported the synthesis of CuO NPs using
brown algae (Sargassum polycystum) mediated the synthesis of
CuO NPs. The synthesized CuO NPs showed good anticancer
activity against breast MCF-7 cells.31 Parsaee and co-workers
studied the biosynthesis of CuO NPs via ultrasound method
utilizing the Cystoseira trinodis algal extract as an eco-friendly
and time-saving process. The synthesized NPs were used to
study the photocatalytic degradation of methylene blue (MB)
dye.32 Banerjee and co-authors synthesized CuO NPs using
Anabaena cylindrica algae extract. The also investigated the
28180 | RSC Adv., 2023, 13, 28179–28196
inuence of the concentration of algal extract, pH, stirring
speed, and Cu2+ ions concentration on the size and shape of
CuO NPs.33 Simultaneously, Rubilar and colleagues studied the
synthesis of CuO NPs using protein fraction of brown algae
Macrocystis pyrifera.34 In 2021, Kumar et al. reported the
Sargassum longifolium algal extract mediated synthesis of CuO
NPs and studied their antioxidant and antibacterial proper-
ties.35 However, the synthesis of CuO NPs using the Asterarcys
quadricellulare is hitherto unreported.

Therefore, the present work aims to explore the synthesis of
CuO NPs utilizing Asterarcys quadricellulare algal extract. The
effect of various reaction parameters, such as pH, reaction time,
the volume of algal extract, and the concentration of copper
ions on the size and morphology of CuO NPs were also exam-
ined. The synthesized nanoparticles were characterized by
different techniques, including XRD, FTIR, UV-vis, and FE-SEM
coupled with EDS. Additionally, we have investigated the effi-
ciency of the synthesized CuO NPs in the photocatalytic
degradation of commonly used organic dyes, such as BBY, BG,
EBT, and MG.

The signicance of this research lies in its ability to simul-
taneously address two major environmental challenges. By
employing a green approach for the synthesis of CuO NPs, we
have followed the principles of green chemistry, which are
essential for a sustainable environment and human health.
Algae can have harmful effects on the environment and human
health when they grow uncontrollably. Algal blooms can deplete
oxygen in the water, create toxins that can harm humans and
animals, and upset the natural balance of aquatic ecosystems.
Additionally, algal blooms can have a negative economic impact
on the shing and tourism industries and can attach them-
selves to boats and other structures, causing fouling and
damage. Therefore, using algae as a source of nanoparticle
synthesis shall help to maintain the balance in the ecosystem by
reducing the levels of algae in the environment and mitigating
the adverse effects of algae. Furthermore, the elimination of
organic dyes, i.e., BBY, BG, EBT, and MG, using the algal-
mediated CuO NPs cleans the water bodies by removing
noxious dyes from the wastewater. Overall, the research pre-
sented here is potentially transformative, offering dual benets
for environmental remediation and sustainability.

Experimental section

The materials and methods used for the synthesis of CuO NPs
and photocatalytic experiments are discussed in detail in the
ESI.† The algal-mediated CuO NPs were synthesized by varying
single parameter and keeping other parameters constant. The
entire manuscript contains some notations for the convenience
of the readers. The sample names S1, S2, and S3 were used to
denote the synthesized CuO NPs at pH 10, 11, and 12, respec-
tively. The sample names S2, S4, and S5 were used to depict the
synthesized CuO NPs at varying reaction time 24 h, 48 h, and
72 h, respectively. The synthesized CuO NPs at the different
volumes of algal extract were designated as S6, S2, and S7 for the
5 mL, 10 mL, and 15 mL algal extract volumes, respectively. The
S8, S9, and S10 sample names were utilized to denote the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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synthesized CuO NPs at different concentrations of the copper
ions 0.05 M, 0.1 M, and 0.2 M, respectively. Lastly, the S11
sample name was used to represent the chemically synthesized
CuO NPs.
Results and discussion
Optimization of the biosynthesis of CuO NPs

The impact of the various parameters on the Asterarcys quad-
ricellulare algal extract-mediated green synthesis of CuO NPs
was investigated. These parameters were found to be signicant
in controlling the size and morphology of the biosynthesized
CuO NPs. The parameters include the effect of pH, reaction
time, the volume of algal extract, and the concentration of
copper ions, which will be elaborated upon in the subsequent
sections.

pH. The size and shape of the synthesized CuO NPs are
strongly inuenced by the pH at which they were synthesized.
Upon reviewing the existing literature, it was determined that
the synthesis of CuO NPs exhibited favourable outcomes under
alkaline pH conditions.33,36 Thus, pH values of 10, 11, and 12
were selected to synthesize the CuO NPs (Table 1). The XRD
analysis along the highest intensity plane (111) disclosed that
the sizes of CuO NPs were 8.61, 8.05, and 9.41 nm at pH 10, 11,
and 12, respectively. The nanoparticle synthesized at pH 11
exhibited the smallest size compared to those produced at pH
10 and 12. Therefore, for subsequent investigations, pH 11 was
chosen as the optimal pH for the biosynthesis of the CuO NPs.

Time. Table 2 shows the reaction conditions of an investi-
gation of the impact of time on the biosynthesis of CuO NPs.
The ndings indicate that the size and morphology of the
nanoparticles were signicantly inuenced by the reaction
time. Specically, an increase in reaction time from 24 h to 72 h
led to an increase in the size of CuO nanoparticles from 8.05 to
13.70 nm, along the highest intensity plane (111). The longer
reaction time resulted in a larger crystallite size due to the
formation of agglomerates. Therefore, 24 h was selected as the
optimal reaction time for the synthesis of CuO NPs.

The volume of algal extract. The effect of the volume of
Asterarcys quadricellulare algal extract on the biosynthesis of
CuO NPs was studied, as shown in Table 3. The highest inten-
sity plane (111) of the XRD pattern was used as the basis of
crystallite size analysis. The XRD results indicate that the crys-
tallite size of the CuO NPs synthesized by 5 mL of algal extract
was 7.34 nm. However, when the volume of the algal extract was
enhanced to 10 mL and 15 mL, the crystallite size increased to
8.05 nm and 8.49 nm, respectively. Based on these ndings, it
Table 1 Conditions of synthesis of CuO NPs samples by variation of pH

S. no. Sample name pH Time
Volume of
extract

1 S1 10 24 h 10 mL
2 S2 11 24 h 10 mL
3 S3 12 24 h 10 mL

© 2023 The Author(s). Published by the Royal Society of Chemistry
was concluded that 5 mL of Asterarcys quadricellulare algal
extract was the optimum volume to synthesize CuO NPs.

The concentration of copper ions. To investigate the inu-
ence of copper ion concentration on the biosynthesis of CuO
NPs, the concentration was varied from 0.05 M to 0.2 M (Table
4). The XRD analysis disclosed that the sizes of the CuO NPs
obtained at copper ions concentrations of 0.05 M, 0.1 M, and
0.2 M were found to be 4.73, 6.65, and 7.62 nm, respectively,
along the highest intensity XRD plane (111). The observed
results can be attributed to the fact that increasing the
concentration of copper ions results in higher availability of
copper ions for reduction and nucleation. This leads to a higher
rate of nanoparticle growth, resulting in a larger crystallite size.
In the present study, it was observed that lowering the
concentration of copper ions led to a decrease in the crystallite
size of the synthesized CuO NPs. Although, the lower concen-
tration of copper ions resulted in an insufficient amount of CuO
NPs. Therefore, we selected a higher concentration (0.2 M) to
optimize other reaction parameters for the biosynthesis of CuO
NPs.
Proposed mechanism for Asterarcys quadricellulare algal-
mediated green synthesis of CuO NPs

The synthesis of CuO NPs using Asterarcys quadricellulare algae
proceeded via two steps, i.e., reduction and oxidation, through the
action of algal biomass or its metabolites such as carbohydrates,
proteins, enzymes, and lipids. In the rst step, metabolites func-
tion as a reducing agent and transform the Cu2+ ions to Cu0. In the
second step, the Cu0 formed in the rst step undergo oxidation to
form CuO NPs. The oxidation process was initiated by the dis-
solved oxygen present in the reaction medium. The subsequent
crystal growth continued until the CuO NPs attained a stable size
and morphology.37,38 The metabolites also act as a capping and
stabilizing agent in the agglomeration of CuO NPs. The plausible
mechanism of CuO NPs synthesis using Asterarcys quadricellulare
algae is illustrated in Fig. 1.
Characterization techniques

XRD analysis. The XRD patterns of all the synthesized CuO
NPs are represented in Fig. 2. The diffraction peak located around
2q values of 32.43°, 35.50°, 38.77°, 48.72°, 53.28°, 58.26°, 61.53°,
66.16°, and 68.21° corresponding to the (110), (�111), (111), (�202),
(020), (202), (�113), (�311), and (220) planes, respectively. The XRD
peaks were well indexed with the standard JCPDS card no. 80-1916
(Fig. 2a).39 These results indicate that the CuO NPs have a poly-
crystalline nature, monoclinic structure, and end-centered lattice.
values

algal Concentration
of copper ions Temperature

Size of CuO
NPs

0.2 M 60 °C 8.61 nm
0.2 M 60 °C 8.05 nm
0.2 M 60 °C 9.41 nm

RSC Adv., 2023, 13, 28179–28196 | 28181
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Table 2 Conditions of synthesis of CuO NPs samples by variation of reaction time

S. no. Sample name Time pH
Volume of algal
extract

Concentration
of copper ions Temperature Size of CuO NPs

1 S2 24 h 11 10 mL 0.2 M 60 °C 8.05 nm
2 S4 48 h 11 10 mL 0.2 M 60 °C 11.64 nm
3 S5 72 h 11 10 mL 0.2 M 60 °C 13.70 nm
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No additional peak was observed in all samples, which indicated
that the synthesized CuO NPs were phase pure.

Upon conducting a thorough analysis of the major XRD peaks,
it was observed that there was a slight shi in the 2q values on
a variation of the reaction parameters. Fig. S1† displays a plot of
the diffraction angles corresponding to prominent peaks of (�111)
and (111) planes against the sample names. The inuence of pH,
reaction time, algal extract volume, and copper salt ions concen-
tration on the 2q values was observed. The analysis showed that
the 2q values initially decreased when the pH increased from 10 to
11, and then the 2q values increased as the pH reached 12. An
increase in the reaction time resulted in elevated 2q values along
both major crystallographic planes (�111) and (111). This could be
attributed to the growth of the crystal lattice structure with pro-
longed reaction time. Furthermore, with the enhancement of algal
extract volume, the 2q values decreased along (�111) plane and
increased along (111) plane. It was observed that an increase in
Cu2+ ions concentration resulted in an increase in the 2q values
along the (�111). However, for the (111) plane, the 2q values rst
decreased and then increased with increasing Cu2+ ions
concentration.

Orientation parameter. For each sample, the orientation
parameter (g(hkl)) corresponding to a particular plane with
Miller indices (hkl) is determined by eqn (1).40

gðhklÞ ¼
IðhklÞ

Ið110Þ þ Ið111Þþ Ið111Þ þ Ið202Þ þ Ið020Þ þ Ið202Þ þ Ið113Þ þ Ið311Þ þIð220Þ

(1)

The intensities of crystallographic planes with Miller indices
(hkl) are denoted by I(hkl), and their corresponding g(hkl) values
are listed in Table 5. The increase in the pH value degraded the
crystal growth of CuO NPs along the (110) plane and improved it
along the (111) plane, as indicated by g(hkl) values. The g(hkl)

values with an increase in the reaction time enhanced along the
(111) plane and degrade along the (110) plane. With the
increase in the algal extract volume the crystal growth reduced
Table 3 Conditions of synthesis of CuO NPs samples by variation of the

S. no. Sample name
Volume of algal
extract pH

1 S6 5 mL 11
2 S2 10 mL 11
3 S7 15 mL 11

28182 | RSC Adv., 2023, 13, 28179–28196
along the (111) plane. The random variation of g(hkl) along other
crystallographic planes and factors indicated the random
growth and distribution of particles.

Crystallite size. The full width at half maximum (FWHM, b)
of the provided peak, Bragg diffraction analogous to the
diffraction peak (q), and wavelength (l) of X-rays were used to
estimate the crystallite size (tS) of the nanoparticles using the
Scherrer eqn (2).41

ts ¼ kl

b cos q
(2)

where k is a constant having value of approximately 1. Table 6
represents the calculated values of crystallite size of CuO NPs
under different reaction conditions. The data indicated that all
synthesized CuO NPs were nanocrystalline, with crystallite sizes
ranging from 1.88 to 25.58 nm. Among all the biosynthesized
CuO NPs, the lowest crystallite size 4.73 nmwas shown by the S8
sample (reaction condition: pH – 11, time – 24 h, algal extract
volume – 5 mL, and copper ions concentration – 0.05 M) along
the highest intensity plane (111). While chemically synthesized
CuO NPs (S11) had the highest crystallite size of 17.68 nm
corresponding to the same plane.

Dislocation density. XRD is an indirect method of calcu-
lating the dislocation density. It is a measure of the number of
dislocations in a unit volume of a crystalline material and gives
information from a macroscopic area in a statistically averaged
manner. Using eqn (3), the dislocation density (d(hkl)) of all
synthesized CuO NPs along each plane (hkl) was calculated and
shown in Table 7.

dðhklÞ ¼ 1

ðtsÞ2
(3)

There is no denite trend of the variation of (d(hkl)) along any
crystallographic plane.

W–H analysis of crystallite size and lattice strain. Qualitative
peak prole analysis is oen conducted using theW–H plot as it
overlooks various factors. It does not take into account various
factors, which are domain shape, prole size (Lorentzian or
volume of algal extract

Time
Concentration
of copper ions Temperature

Size of CuO
NPs

24 h 0.2 M 60 °C 7.34 nm
24 h 0.2 M 60 °C 8.05 nm
24 h 0.2 M 60 °C 8.49 nm

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Conditions of synthesis of CuO NPs samples by variation of the concentrations of copper ions

S. no. Sample name
Concentration
of copper ions pH Time

Volume of algal
extract Temperature

Size of CuO
NPs

1 S8 0.05 M 11 24 h 5 mL 60 °C 4.73 nm
2 S9 0.1 M 11 24 h 5 mL 60 °C 6.65 nm
3 S10 0.2 M 11 24 h 5 mL 60 °C 7.62 nm
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Gaussian), elastic anisotropy, and the real source of the
microstrain, etc. The W–H plot was utilized to make an
approximate assessment of the inuence of strain on the crys-
tallite size. Using the XRD patterns of synthesized CuO NPs,
a graph was plotted with b cos q on the y-axis and sin q on the x-
axis, and a linear t was applied to the curve to compare it with
the given eqn (4) (ref. 42) (Fig. S2†).

b cos q ¼ Cl

ðtWHÞ þ 23 sin q (4)

The equation of the trend-line t, along with the regression
factor (R2), was presented in the inset of the W–H plot for each
sample in Fig. S2.† However, it should be noted that the W–H
plot is known to neglect several factors, which can result in poor
goodness of t. This is evident from the data points being far
away from the trend-line t, and the uncertainties being repre-
sented by the standard error bars. As a result, lower values of the
regression factors were observed for all the samples. The
constant C was taken as 0.9, and the correction factor was used in
the equation to account for any deviations from the ideal model.
Overall, the W–H plot provides an approximate evaluation of the
impact of strain on crystallite size, but the results should be
interpreted with caution due to the limitations of the method.

The average crystallite size (tWH) and the microstrain ob-
tained by performing the W–H plot are already listed in Table 6.
Fig. 1 A plausible mechanism of CuO NPs synthesis using Asterarcys qu

© 2023 The Author(s). Published by the Royal Society of Chemistry
The initial two samples (S1–S2) show the compressive strain,
and thereaer (S3–S11), its nature changes to tensile. It was
noticed that the higher microstrain caused a larger difference
between the crystallite sizes obtained by two methods (tS and
tWH). The strongest intensity peak, i.e., (111), was taken to
compare both crystallite sizes. The sample with the lowest
amount of microstrain had close values of tS and tWH, and that
with the largest one had farther tS and tWH.

FTIR spectra. FTIR spectra were recorded to identify major
functional groups present in the metabolites of Asterarcys
quadricellulare algae and CuO NPs (Fig. 3). The FTIR spectra of
Asterarcys quadricellulare algae and all the samples (S1 to S10)
except S11 showed distinctive bands at 3848, 3615, 3743, 3652,
2369, 2327, 1689, 1532, 1034, and 873 cm−1. The band at 3848,
3743, 3615, and 3652 cm−1 ascribed to the O–H stretching
vibrations of moisture, alcohol, phenols, and N–H stretching
vibrations of the amide group present in the proteins of
algae.43,44 The band at 2369 and 2327 cm−1 corresponded to the
CO2 adsorbed on the surface of the nanoparticles.45,46 The peak
at 1689 cm−1 is a characteristic peak of N–H bending vibrations
in the amide of protein which acts as a capping agent.47 The
strong band at 1532 cm−1 exhibited the presence of the
symmetric stretching of the carboxyl group (COO−) present in
the acid residue of the protein molecule.48,49 The peak at
1034 cm−1 indicated the existence of C–O stretching vibrations
or C–H bending vibrations of carbohydrates (glucose residue by
adricellulare extract.

RSC Adv., 2023, 13, 28179–28196 | 28183
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Fig. 2 (a) The standard JCPDS card of CuONPs, (b) effect of pH of the solution (S1 – pH 10, S2– pH 11, S3 – pH 12), (c) effect of reaction time (S2
– 24 h, S4 – 48 h, S5 – 72 h), (d) effect of the volume of algal extract (S6 – 5 mL, S2 – 10 mL, S7 – 15 mL), and (e) effect of copper ions
concentration (S8 – 0.05 M, S9 – 0.1 M, S10 –0.2 M), on the XRD patterns of biosynthesized CuO NPs; (f) XRD pattern of chemically synthesized
CuO NPs (S11).
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C–OH bond).43,50 The band at 873 cm−1 denoted C–H bending
due to aromatic groups.51

The samples S1 to S11 show additional characteristic peaks
at 603 and 522 cm−1. The peaks at 603 and 522 cm−1 were
associated with the Cu–O stretching vibrations, matching with
B2u mode.52,53 The peaks observed in the spectrum of algae can
28184 | RSC Adv., 2023, 13, 28179–28196
also be seen in the spectra of biosynthesized CuO NPs. This
suggests that proteins, polysaccharides, amides, and long-chain
fatty acids are the metabolites responsible for reducing,
capping, and stabilizing biosynthesized CuO NPs.

The chemically synthesized CuO NPs represented by S11
showed peaks at 3576, 1113, 603, and 524 cm−1. The small
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Orientation parameters along distinct crystallographic planes

Orientation parameters (g(hkl))

Sample name (110) (�111) (111) (�202) (020) (202) (�113) (�311) (220)

S1 0.0799 0.1888 0.2166 0.0955 0.0751 0.0789 0.0853 0.0933 0.0864
S2 0.0677 0.2000 0.2310 0.0956 0.0640 0.0764 0.0882 0.0901 0.0863
S3 0.0618 0.2175 0.2501 0.0878 0.0640 0.0740 0.0806 0.0844 0.0795
S4 0.0557 0.2675 0.2700 0.0848 0.0525 0.0569 0.0739 0.0738 0.0647
S5 0.0524 0.2565 0.3129 0.0829 0.0439 0.0509 0.0647 0.0734 0.0621
S6 0.0775 0.2146 0.2351 0.0865 0.0673 0.0698 0.0839 0.0865 0.0788
S7 0.0806 0.2015 0.2107 0.0857 0.0775 0.0725 0.0837 0.1005 0.0872
S8 0.0809 0.1785 0.1985 0.0934 0.0917 0.0826 0.0867 0.0992 0.0884
S9 0.0745 0.2192 0.1948 0.0952 0.0738 0.0767 0.0945 0.0886 0.0826
S10 0.0857 0.2013 0.1994 0.0964 0.0727 0.0788 0.0860 0.0947 0.0848
S11 0.0745 0.2677 0.2133 0.0824 0.0722 0.0620 0.0824 0.0716 0.0734
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hump at 3576 cm−1 and 1113 cm−1 were ascribed to O–H
stretching and O–H bending vibrations, respectively. These
peaks were observed due to water molecules adsorbed at the
surface of the nanoparticles. The prominent peaks at 603 and
524 cm−1 manifested the presence of Cu–O stretching
vibrations.52

Tauc plot. The UV-visible spectra of CuO NPs were analyzed to
determine the band gap value. The band gap of synthesized
nanoparticles was estimated by Tauc plot which is represented in
Fig. 4. The band gap refers to the energy difference between the
valence band (VB) and the conduction band (CB) of a material. It
determines the ability of thematerial to absorb and emit light and
therefore plays a crucial role in its optical and electronic proper-
ties. The band gap value is yielded by extrapolating the linear
region of the curve [(ahn)2 vs. hn] to the x-axis.54,55 The variation in
the physiochemical parameter also changes the band gap value of
the synthesized CuONPs. At pH 10, 11, and 12, the observed band
gap values were 1.82, 2.30, and 2.06 eV, respectively. The results
indicated that the material's band gap was highest at pH 11.
Increasing the reaction time from 24 h to 48 h resulted in
a decrease in the band gap value from 2.30 to 2.20 eV. This
suggests that longer reaction time produce larger nanoparticles
with lower band gap values, while shorter reaction time produce
Table 6 Strain and crystallite size were evaluated by the Scherrer equat

Crystallite size (tS) (nm)

Sample name (110) (�111) (111) (�202) (020)

S1 6.12 8.59 8.61 6.38 28.51
S2 4.46 7.24 8.05 6.25 4.73
S3 5.55 9.51 9.41 6.56 8.29
S4 3.05 12.43 11.64 6.95 1.88
S5 4.33 13.18 13.70 8.92 4.30
S6 7.20 7.11 7.34 5.12 3.84
S7 7.14 9.11 8.49 5.24 11.46
S8 5.52 6.18 4.73 2.85 6.56
S9 12.58 10.33 6.65 7.13 5.16
S10 7.59 9.50 7.62 6.90 13.54
S11 17.16 20.48 17.68 14.46 19.07

© 2023 The Author(s). Published by the Royal Society of Chemistry
smaller nanoparticles with a larger band gap. The volume of algal
extract used in the synthesis reaction was also found to affect the
band gap value. The band gap values for 5 mL, 10 mL, and 15 mL
of algal extract were 2.56, 2.30, and 2.18 eV, respectively.
Increasing the algal extract volume resulted in larger nano-
particles with lower band gap values. The same behaviour was
observed with the concentration of copper salt ions, where an
increase in concentration resulted in a decrease in the band gap
value from 2.93 to 2.29 eV. Overall, controlling the reaction
parameters, such as pH, reaction time, the algal extract volume,
and the copper ions concentration to biosynthesize CuO NPs can
be used to tune the band gap of the material. This optimization
can help to improve the efficacy of nanoparticles in diverse
applications such as solar energy conversion, photocatalysis, and
electronic devices. The observed band gap of chemically synthe-
sized CuO NPs was 3.22 eV. In view of the application of photo-
catalytic activity, the band gap value is a crucial factor to consider.
Based on this, it can be inferred that the S8 sample, which has
a band gap value of 2.93 eV, is anticipated to exhibit the highest
photocatalytic activity among the synthesized CuO NPs.

FE-SEM and EDS analysis. The FE-SEM images of the
synthesized CuO NPs are depicted in Fig. 5. The observed
surface area (length × width) of CuO NPs while scanning FE-
ion and W–H plot along various crystallographic planes

(202) (�113) (�311) (220) tWH Microstrain (3)

25.58 7.62 7.66 9.16 6.00 −0.0089
10.88 9.48 4.14 18.40 4.51 −0.0114
6.43 6.77 5.34 9.51 13.07 0.0118
2.64 6.17 4.86 4.46 8.66 0.0196
4.34 6.16 6.88 5.37 12.48 0.0130
8.04 3.77 16.59 7.20 8.35 0.0074
4.37 5.24 11.35 4.26 16.70 0.0151
2.74 3.38 4.07 4.71 8.77 0.0206
2.56 8.00 3.79 9.60 13.86 0.0288
11.98 9.10 5.81 8.04 8.83 0.0010
11.08 13.53 9.66 12.43 86.62 0.0095

RSC Adv., 2023, 13, 28179–28196 | 28185
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Table 7 Dislocation density (d(hkl)) along different crystallographic planes

d(hkl) × 1015 m−2

Sample name (110) (�111) (111) (�202) (020) (202) (�113) (�311) (220)

S1 0.0267 0.0135 0.0135 0.0246 0.0012 0.0015 0.0172 0.0170 0.0119
S2 0.0503 0.0191 0.0154 0.0256 0.0447 0.0084 0.0111 0.0583 0.0029
S3 0.0325 0.0110 0.0113 0.0232 0.0145 0.0242 0.0218 0.0351 0.0111
S4 0.1075 0.0065 0.0074 0.0207 0.2829 0.1435 0.0263 0.0423 0.0503
S5 0.0533 0.0057 0.0053 0.0126 0.0541 0.0531 0.0263 0.0211 0.0347
S6 0.0192 0.0198 0.0186 0.0381 0.0678 0.0155 0.0704 0.0036 0.0193
S7 0.0196 0.0120 0.0139 0.0364 0.0076 0.0524 0.0364 0.0078 0.0551
S8 0.0328 0.0262 0.0447 0.1231 0.0232 0.1332 0.0875 0.0604 0.0451
S9 0.0063 0.0094 0.0226 0.0197 0.0375 0.1526 0.0156 0.0697 0.0108
S10 0.0173 0.0111 0.0172 0.0210 0.0054 0.0070 0.0121 0.0296 0.0155
S11 0.0034 0.0024 0.0032 0.0048 0.0027 0.0081 0.0055 0.0107 0.0065
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SEM images were 93.21 nm × 33.95 nm, 54.99 nm × 20.44 nm,
49.87 nm × 19.86 nm, 83.00 nm × 44.59 nm, 99.53 nm ×

66.79 nm, 109.52 nm × 43.17 nm, 115.65 nm × 89.16 nm,
70.87 nm × 46.44 nm, 73.59 nm × 30.33 nm, 62.82 nm ×

19.77 nm, and 110.01 nm× 33.98 nm for the samples S1, S2, S3,
S4, S5, S6, S7, S8, S9, S10, and S11, respectively. The method of
synthesis, for instance, biological and chemical, also changes
the morphology of the synthesized nanoparticles. When we
analyzed the effect of pH (S1 – pH 10, S2 – pH 11, S3 – pH 12),
the reaction time (S2 – 24 h, S4 – 48 h, S5 – 72 h), the algal extract
volume (S6 – 5 mL, S2 – 10 mL, S7 – 15 mL), and the concen-
tration of copper ions (S8 – 0.05 M, S9 – 0.1 M, S10 – 0.2 M) on
the biologically synthesized CuO NPs, it was found that all four
parameters impacted the growth of nanoparticles in terms of
the shape. Prominently, ower petals or the attened rice
structure were visible in the FESEM images. The highest pH (S3)
leads to denser petal structures with mostly having vertical
orientations. The longest reaction time attempted to convert the
petals into cotton ball outgrowths (S5). The largest amount of
algal extract evolved the clubbing of petals taking the shape of
owers (S7). The increased concentration of copper ions
decreased the cotton ball outgrowths and increased the denser
petals structure (S8 to S10). Chemically synthesized CuO NPs
(S11) have at structures with occasional rod-like formations.
Hence, it is pertinent to conclude that algal extract mediation
can impact the nucleation of CuO NPs, which subsequently can
play a signicant role in shaping it. It is well established that
shape and size both impact the functionalities of the nano-
particles. Apart from the algal extract, the pH, reaction time,
and copper ions concentration are also seen to inuence the
shape of the nanoparticles.

The EDS spectra of all the synthesized CuO NPs are repre-
sented in Fig. 6. The spectra showed the characteristic peaks of
copper (Cu) and oxygen (O) elements, indicating the presence of
CuO NPs. The Cu peak was detected at around 8 keV, while the
O peak was observed at around 0.5 keV. The spectrum analysis
of some samples revealed the presence of minor peaks that
corresponded to sulfur (S) and carbon (C), which are likely
attributed to the phytochemicals found in the algal extract
coated on the nanoparticles.
28186 | RSC Adv., 2023, 13, 28179–28196
Photocatalytic degradation of BBY, BG, EBT, and MG organic
dyes

This study examined the photocatalytic activity of synthesized
CuO NPs for the degradation of organic dyes such as BBY, BG,
EBT, and MG under visible light illumination. The structures of
all four dyes are shown in Fig. S3.† The degradation of BBY, BG,
EBT, and MG dyes were analyzed using UV-visible spectropho-
tometer at maximum absorbance wavelength peaks of 450 nm,8

624 nm,56 548 nm,57 and 617 nm,58 respectively. We performed
the three sets of experiments, adsorption (in the dark with
a catalyst), photolysis (in the light without the catalyst), and
photocatalysis (in the light with the catalyst), for all the selected
dyes and each sample of CuO NPs (S1–S11). In the two sets, i.e.,
adsorption and photolysis, very less dye degradation was
noticed. While in the case of photocatalysis, signicant degra-
dation of dyes was observed (Fig. S4†). The biosynthesized CuO
NPs were more efficient than the chemically synthesized CuO
NPs for the dilapidation of the dyes. The biosynthesized CuO
NPs, S8, exhibited the highest photocatalytic activity, while
chemically synthesized CuO NPs, S11, showed the lowest pho-
tocatalytic activity. Therefore, in this paper, we have disclosed
the results of the S8 sample of CuO NPs only. The effect of
various reaction parameters, such as pH, catalyst dosage, and
initial dye concentration, on the degradation of all the selected
four dyes using biosynthesized CuO NPs (S8) were examined to
determine the optimal condition for the dye degradation.

Effect of reaction parameters on photocatalytic activity of
BBY, BG, EBT, and MG dyes

Effect of pH. The pH of the solution signicantly affects the
catalytic efficiency of the catalyst because it alters the stability,
colour intensity, and decomposition of the dye. The impact of
the solution pH on the photocatalytic activity towards BBY, BG,
EBT, and MG dyes was studied, keeping other parameters
constant (Fig. S5†). The degradation percentage of BBY dye was
decreased with an increase in the pH value (Fig. S5a†). At pH
values 3, 5, 7, 9, and 11, the observed degradation percentage
was 88.48%, 84.68%, 80.17%, 74.66%, and 62.21%, respectively.
The results showed that the maximum degradation of BBY dye
occurred at pH 3.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of the Asterarcys quadricellulare algae (AQA), biosynthesized CuO NPs (S1–S10) and chemically synthesized CuO NPs (S11).
The particular segment of the curve is magnified to highlight the presence of copper-oxygen bonds present in all the samples of CuO NPs.
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From Fig. S5b,† it was observed that the degradation effi-
ciency of BG dye was increased with an increase in the pH
values. The photodegradation rate was enhanced from 58.88%
to 85.20% as pH was increased from 3 to 9. With a further
increase in pH value to 11, the colour of the dye disappears
© 2023 The Author(s). Published by the Royal Society of Chemistry
abruptly within 1 min. At pH 11, the central carbon atom of the
BG dye molecule acquired electrophilic nature and is suitable
for reacting with hydroxide anions. Hence, the BG dye mole-
cules become unstable at higher pH 11 value.59,60 Therefore, we
RSC Adv., 2023, 13, 28179–28196 | 28187
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Fig. 4 (a) Effect of pH of the solution (S1 – pH 10, S2 – pH 11, S3 – pH 12), (b) effect of reaction time (S2 – 24 h, S4 – 48 h, S5 – 72 h), (c) effect of
the volume of algal extract (S6 – 5mL, S2 – 10mL, S7 – 15 mL), and (d) effect of copper ions concentration (S8 – 0.05M, S9 – 0.1 M, S10 – 0.2 M)
on the band gap value of biosynthesized CuO NPs using Tauc plot; (e) Tauc plot of chemically synthesized CuO NPs (S11).
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have selected pH 9 to optimize other parameters for the BG dye
degradation.

A similar effect of pH was observed with the MG dye
(Fig. S5d†). The photodegradation rate was enhanced from
48.88% to 84.32% by varying the pH from 3 to 9. The 97.99%
degradation was observed with pH 11 within 1 min due to the
instability of the dye at a higher pH value. Both BG andMG dyes
28188 | RSC Adv., 2023, 13, 28179–28196
possess cationic nature. In an alkaline medium, the large
concentration of OH− ions lead to a negative charge on the
catalyst surface. This increases the electrostatic attraction
between the negatively charged catalyst surface and cationic dye
molecules, resulting in enhanced adsorption of the dye mole-
cules on the catalyst surface.61 Consequently, the degradation
rate of the BG and MG dyes was increased at higher pH values.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FE-SEM image of the biosynthesized CuO NPs (S1–S10) and chemically synthesized CuO NPs (S11).
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Conversely, in an acidic medium, the excess of H+ ions result in
a positive charge on the catalyst surface. This positively charged
catalyst surface repels cationic dye molecules and decreases the
adsorption process. Hence, at lower pH values, the degradation
rate of the BG and MG dyes was reduced.60

Fig. S5c† demonstrates the degradation rate of EBT dye on
CuO NPs through photocatalysis at various pH values. Results
showed that at pH values of 3, 5, 7, 9, and 11, the degradation
rates were 50.47%, 58.68%, 71.28%, 80.07%, and 83.81%,
respectively. The photocatalytic degradation of the dye was
found to decrease in an acidic environment compared to
neutral pH conditions, whereas the degradation rate increased
in a basic environment. The highest rate of degradation was
observed at pH 11. A similar result of the effect of pH on EBT dye
dilapidation was observed by Lanjwani et al.11 In the basic
medium, the concentration of OH− ions increased. An increase
© 2023 The Author(s). Published by the Royal Society of Chemistry
in the concentration of hydroxyl ions results in a corresponding
increase in the concentration of hydroxyl radicals (cOH).62 The
increase in hydroxyl radicals (cOH) results in a higher rate of
photocatalytic degradation of EBT dye.

From the ndings, we can infer that the optimized pH values
for the photodegradation of BBY, BG, EBT, and MG dyes using
biosynthesized CuO NPs were 3, 9, 11, and 9, respectively.

Effect of catalyst dosage. In this study, the effect of catalyst
dosage on the degradation of four different dyes, namely BBY,
BG, EBT, and MG, was investigated (Fig. S6†). The concentra-
tion of dye was kept constant at 75 ppm, and the pH value that
was optimized earlier was utilized for each dye. For BBY dye, the
optimized pH value was 3, while for BG and MG dyes, the pH
value was set to 9, and for EBT dye, the pH value was 11. A series
of experiments were performed by varying the dosage, 0.01 g,
0.03 g, 0.05 g, 0.07 g, and 0.09 g, of CuO NPs.
RSC Adv., 2023, 13, 28179–28196 | 28189
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Fig. 6 EDS spectra of the biosynthesized CuO NPs (S1–S10) and chemically synthesized CuO NPs (S11).
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The results showed that the degradation percentage of BBY
dye increased up to 0.05 g of the catalyst and then decreased
with a further increase in catalyst loading up to 0.09 g (Fig.-
S6a†). The maximum degradation of 87.37% was observed at
0.05 g catalyst loading.

On the other hand, the observed degradation rate of BG dye
with 0.01, 0.03, 0.05, 0.07, and 0.09 g catalyst loading were
88.28%, 93.04%, 95.72%, 96.92%, and 81.93% aer 60 min,
respectively (Fig. S6b†). The results demonstrated that the
degradation rate was enhanced with an increase in the catalyst
loading from 0.01 g to 0.07 g aer a further increase in the
catalyst loading decreased the degradation efficacy. The opti-
mized CuO NPs catalyst dosage for BG dye was found to be
0.07 g.

For EBT dye, an increment in the degradation efficiency was
observed up to optimal catalyst dosage; aer that, subsequent
increment in the dosage of the catalyst reduced the percentage
of dye degradation (Fig. S6c†). The degradation rate increased
from 51.46% to 85.84%, with an increase in catalyst loading
from 0.01 g to 0.05 g aer 90 min of light illumination. The
maximum degradation efficiency of 85.84% was achieved at
0.05 g catalyst loading, followed by a decreased degradation rate
of 80.56% at 0.09 g catalyst loading.

For MG dye, the optimized catalyst dosage was found to be
0.03 g (Fig. S6d†). The degradation rate increased from 93.04%
to 95.72%, with an increase in catalyst dosage from 0.01 g to
0.03 g, aerwards a decrease in degradation efficiency was
28190 | RSC Adv., 2023, 13, 28179–28196
observed. The degradation rate was reduced to 81.92% at 0.09 g
catalyst loading.

Based on the ndings, it can be inferred that the optimal
catalyst dosage for the BBY, BG, EBT, and MG dyes degradation
was 0.05 g, 0.07 g, 0.05 g, and 0.03 g, respectively. The upgra-
dation in the degradation efficacy up to a particular value of the
catalyst loading was mainly ascribed to more numbers of
available active sites. Nevertheless, aer an optimum dosage,
a decrease in the degradation rate was observed due to the
turbidity of the solution with more catalyst particles or the
aggregation of the catalyst. Because of the aggregation of the
catalyst particles, a smaller number of active sites were available
for the degradation of the dye on the surface of the catalyst,
which reduced the efficacy of the CuO NPs to degrade the dyes.

Effect of initial dye concentration. The photodegradation
process is signicantly inuenced by the initial concentration of
the dye. The potency of CuONPs for the degradation of BBY, BG,
EBT, and MG dyes was investigated at different initial dye
concentrations (50 ppm, 62.50 ppm, 75 ppm, 87.50 ppm, and
100 ppm) under visible light radiations (Fig. 7). The other
parameters, pH and catalyst dosage, were kept constant.

The degradation of BBY dye was studied at different initial
concentrations (50–100 ppm) over a period of 120 min (Fig. 7a).
The degradation rate increased with increasing initial dye
concentration from 50 ppm to 87.50 ppm, reaching a maximum
of 95.78% degradation at 87.50 ppm of initial dye
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The effect of initial dye concentration on the degradation percentage of dyes: (a) BBY, (b) BG, (c) EBT, and (d) MG using biosynthesized
CuO NPs (S8).
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concentration. However, at the highest concentration of
100 ppm, the degradation rate decreased to 73.03%.

The degradation rate of BG dye was observed to be 96.05%,
97.72%, 97.89%, 98.02%, and 70.80% for initial dye concen-
trations of 50, 62.50, 75, 87.50, and 100 ppm, respectively, aer
60 min (Fig. 7b). Similar to the BBY dye results, the highest
degradation rate was observed at an initial BG dye concentra-
tion of 87.50 ppm, which resulted in a degradation rate of
98.02%. However, the degradation rate decreased signicantly
to 70.80% at the highest concentration of 100 ppm.

The degradation rate of EBT dye with 50, 62.50, 75, 87.50,
and 100 ppm initial dye concentrations was 87.25%, 90.34%,
94.15%, 92.78%, and 83.03% aer 90 min (Fig. 7c). The highest
degradation rate was observed at an initial EBT dye concentra-
tion of 75 ppm, which resulted in 94.15% degradation.

The degradation rate of MG dye was found to be 89.20%,
86.72%, 96.04%, 84.02%, and 62.80% for initial dye concen-
trations of 50, 62.50, 75, 87.50, and 100 ppm, respectively, aer
60 min of light radiation (Fig. 7d). The maximum rate of
© 2023 The Author(s). Published by the Royal Society of Chemistry
dilapidation was seen at an initial dye concentration of 75 ppm.
Although, at the highest concentration of 100 ppm, the degra-
dation rate was reduced signicantly to 62.80%.

The observed behaviour of dependence of photocatalytic
degradation rate on the initial dye concentration can be
attributed to the fact that a higher initial concentration of the
dye may lead to the saturation of active sites on the surface of
the nanoparticles, thereby hindering the degradation process.
In addition to this, as the concentration of the dye was
increased, the colour of solution became more intense, thereby
impeding the penetration of light to the catalyst surface. These
outcomes suggest that the initial dye concentration is a crucial
factor in determining the photodegradation efficiency of dyes.

Kinetics of photodegradation. The kinetic study of the pho-
todegradation rate was investigated at the optimized reaction
parameters. Fig. 8 illustrates the kinetic plot of ln(C0/Ct) versus
time (min). Based on the results of the kinetics analysis, it is
clear that the data exhibit a strong t to the pseudo-rst-order
kinetic model and adhere to its principles for all four dyes.
RSC Adv., 2023, 13, 28179–28196 | 28191
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The calculated kinetic rate constant (k) and R2 values are rep-
resented in Table 8 at optimized reaction conditions for all the
selected dyes. The kinetic rate constant (k) for the BBY, BG, EBT,
and MG dyes was 0.02610 min−1, 0.06254 min−1,
0.03209 min−1, and 0.05456 min−1, respectively (Fig. 9). The
results indicate that CuO NPs exhibit the highest rate constant
value for the BG dye dilapidation.

Reusability of the CuO NPs. To ensure the practical appli-
cability of the catalyst, it is essential to evaluate its photo-
stability and reusability. In this regard, the CuO NPs were
subjected to photocatalytic degradation experiments of selected
dyes for ve cyclic runs under the illumination of visible light,
and the results are illustrated in Fig. 10. At the end of each
experimental cycle, the photocatalyst was collected using
centrifugation and washed with DI to reuse in subsequent
cycles. The photodegradation efficacy of the CuO NPs for BBY,
BG, EBT, and MG dyes was decreased by 13.22%, 4.62%,
14.19%, and 15.15%, respectively, aer ve consecutive cycles.
Among the four dyes, the BG dye exhibited the highest reus-
ability of the CuO NPs for the photodegradation and only
a 4.62% reduction in degradation efficiency was observed aer
Fig. 8 Pseudo-first-order kinetics plots of the photodegradation of dyes
of the dye solution before and after the degradation process.

28192 | RSC Adv., 2023, 13, 28179–28196
ve degradation cycles. Despite the reduction in efficiency, the
catalyst continued to exhibit excellent performance, proving
a promising candidate for wastewater treatment that requires
a reliable and sustainable photocatalyst. The observed decrease
in photocatalytic activity of the catalyst aer multiple cycles can
be attributed to two factors: rstly, the loss of photocatalyst
during the process of recollection could have led to a decrease
in the amount of active catalyst, resulting in a decrement in the
efficiency; secondly, the deposition of intermediate species
(formed during the dye degradation process) on the active sites
during the dye degradation process could have also contributed
to a decrease in the photocatalytic activity of the catalyst.63

Scavenging activity. To determine the relative contribution
of primary reactive species in the photocatalytic degradation
process, a series of scavenging experiments were conducted.
During the experiments, scavenging reagents, potassium
dichromate (K2Cr2O7) for electrons (e−), disodium EDTA for
holes (h+), 2-propanol (IPA) for hydroxyl radicals (cOH), and
benzoquinone (BQ) for superoxide anion radicals (O2c

−), were
chosen to selectively scavenge specic primary reactive species.
: (a) BBY, (b) BG, (c) EBT, and (d) MG. The inset images depict the colour

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Rate constant (k), and R2 at optimized reaction conditions for the degradation of the BBY, BG, EBT, and MG dyes using CuO NPs (S8)

S. no. Dye pH
Catalyst
dosage

Initial concentration
of dye

Degradation
time (min)

%
degradation

Rate constant
(k) (min−1) R2

1 BBY 3 0.05 g 87.50 ppm 120 95.78% 0.0261 0.98484
2 BG 9 0.07 g 87.50 ppm 60 98.02% 0.06254 0.97635
3 EBT 9 0.05 g 75 ppm 90 94.15% 0.03209 0.98195
4 MG 11 0.03 g 75 ppm 60 96.04% 0.05456 0.99175

Fig. 9 Kinetic rate constant values for photodegradation of BBY, BG,
EBT, and MG dyes by biosynthesized CuO NPs (S8) at optimized
reaction conditions.

Fig. 10 Reusability of the biosynthesized CuO NPs (S8) for the pho-
todegradation of the BBY, BG, EBT, and MG dyes.
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The scavenging experiment helps to understand the contribu-
tion of these reactive species in the photodegradation process.

The degradation efficiency of BBY, BG, EBT, and MG dyes
was signicantly affected by the addition of IPA and BQ scav-
engers, as evidenced by the substantial reduction in the
percentage degradation (Fig. 11). The degradation rate was
reduced to 35.41%, 50.87%, 64.91%, and 28.49% for BBY, BG,
EBT, and MG dyes, respectively, by IPA scavenger. Similarly, the
addition of a BQ scavenger also diminished the degradation
rate to 46.85%, 58.67%, 38.96%, and 49.76% for BBY, BG, EBT,
and MG dyes, respectively. The degradation of all dyes was
reduced in the presence of IPA and BQ, indicating that hydroxyl
radicals (cOH) and superoxide anion radicals (O2c

−) were the
major contributors to the degradation of dyes. Whereas EDTA
© 2023 The Author(s). Published by the Royal Society of Chemistry
and K2Cr2O7 did not signicantly affect the photodegradation
process of all four dyes. These results suggest that the primary
contributors to dye degradation were hydroxyl radicals (cOH)
and superoxide anion radicals (O2c

−). The electrons (e−) and
holes (h+) were not directly involved in the degradation process,
instead played a role in the formation of the hydroxyl radicals
(cOH) and superoxide anion radicals (O2c

−).
A plausible mechanism for the photodegradation. Based on

the outcomes of the scavenging experiments and the values of
band edge potential, a plausible mechanism for the photo-
catalytic degradation of selected dyes using the biosynthesized
CuO NPs as a photocatalyst is proposed. The band gap value of
the CuO NPs (S8) selected for the photocatalytic degradation of
the dyes was 2.93 eV, as calculated by Tauc plot. The edge
potential values for the valence band (EVB) and conduction band
(ECB) edges were calculated using eqn (5) and (6).

ECB = c(AaBb) − 0.5Eg + Ee (5)

EVB = ECB + Eg (6)

c(AaBb) = [c(A)a$c(B)b]1/(a+b) (7)

The Eg refers to the band gap of the CuO NPs (S8), which is
2.93 eV. Ee represents the energy of a free electron on the
Normal Hydrogen Electrode (NHE) scale, which is −4.50 eV.63

To calculate c(AaBb), eqn (7) is used, which demonstrates the
geometric mean of the electronegativity values of the constit-
uent atoms, i.e., copper (Cu) and oxygen (O).64 The electroneg-
ativity of copper (Cu) and oxygen (O) are 4.48 eV and 7.54 eV,
respectively.65 The calculated band edge potential of the valence
band (EVB) and conduction band (ECB) was 2.775 eV and
−0.155 eV, respectively.

The proposed mechanism of dye dilapidation is schematically
illustrated in Fig. 12. Under exposure of visible light, the CuO NPs
photocatalyst undergoes a process of electron (e−) excitation from
the valence band (VB) to the conduction band (CB). Due to this
process, positively charged holes (h+) were generated in the VB and
electrons (e−) in the CB. The generated electrons react with the
adsorbed oxygen molecules (O2) on the surface of the photo-
catalyst, producing superoxide anion radicals (O2c

−), while the
holes in the VB oxidize water to form free hydroxyl radicals (cOH).
The free radicals produced during the process further initiate
a series of reactions, eventually resulting in the degradation of
organic dyes. Additionally, the metabolites of algae capped on the
CuO NPs enhance the adsorption of dye molecules on the photo-
catalyst surface. The plausible reactions incorporated in the
RSC Adv., 2023, 13, 28179–28196 | 28193
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Fig. 11 The effect of different scavengers on the degradation rate of BBY, BG, EBT, and MG dyes.

Fig. 12 A plausible mechanism of degradation of dyes (BBY, BG, EBY, and MG) by biosynthesized CuO NPs (S8).
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photodegradation of dyes (BBY, BG, EBT, and MG dye) using the
CuO NPs are revealed by eqn (8)–(16).

1Dye0 !hn 1Dye1 (8)

1Dye1 �!ISC 3Dye1 (9)

CuO!hn CuO�
hþ
VB þ e�CB

�
(10)

hVB
+ + H2O / cOH + H+ (11)

O2 + eCB
− / O2c

− (dissolved oxygen) (12)

cOH + 3Dye1 /
3Dye1 (Leuco unstable form) (13)
28194 | RSC Adv., 2023, 13, 28179–28196
O2c
− + 3Dye1 /

3Dye1 (Leuco unstable form) (14)

3Dye1 ðLeucoÞ �!$OH
mineralized products

ðCO2; H2O; NO3
�; SO4

� ions; etc: Þ (15)

3Dye ðLeucoÞ �!$O2
�
mineralized products

�
CO2; H2O; NO3

�; SO4
2� ions; etc:

�
(16)

Conclusions

The proposed strategy for the green synthesis of CuO NPs using
an Asterarcys quadricellulare algal extract includes a novel,
simple, and eco-friendly approach. The study of various
© 2023 The Author(s). Published by the Royal Society of Chemistry
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reaction parameters for the biosynthesis of CuO NPs disclosed
that changing the pH, time, volume of algal extract, and
concentration of copper ions, provided the different shapes and
sizes of the synthesized CuO NPs. The best results were ob-
tained with the reaction condition, pH 11, 24 h time, 5 mL
volume of algal extract, and 0.05 M concentration of the copper
ions. The minute change in the reaction conditions provided
the desirable change in the crystallite size, band gap value, and
shape of the synthesized CuO NPs. The biosynthesized CuO NPs
demonstrate excellent degradation efficiency for BBY, BG, EBT,
and MG dyes, under visible light radiations. The degradation of
dyes continued aer ve consecutive cycles showing higher
stability and reusability of the CuO NPs catalyst. Therefore,
biosynthesized CuO NPs can be effectively used for the degra-
dation of dyes and helps in the wastewater treatment process.
Owing to the environmental benets of algal-mediated CuO
NPs, further research utilizing these nanoparticles for antibac-
terial activity are in progress in our laboratory.
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