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ARTICLE INFO ABSTRACT
Keywords: Environmental pollution by organic pollutants because of population growth and industrial
Copper oxide nanoparticles expansion is a global concern. Following this, the fabrication of single and efficient nanomaterials

Green synthesis
Alizarin red S
Congo red

for pollution control is highly demanded. Under this study, highly efficient and stable copper
oxide nanoparticles (CuO NPs) were synthesized through the green method using Moringa
Photocatalytic degradation stenopetala seed extract. XRD, UV-vis, FT-IR, and SEM were applied to characterize the syn-
Kinetics study thesized material. From XRD data, the average particle size was found to be 6.556 nm, and the
Solar irradiation nanoparticles are crystalline in nature. The formation of CuO NPs was demonstrated by FT-IR
spectra of Cu-O in different bending vibration bands at 535 cm-1 and 1122 cm-1, as well as
stretching vibration of Cu-O at 1640 cm-1. From UV-visible spectroscopic measurements, the
energy band gap of greenly synthesized CuO NPs was found to be 1.73 eV. The SEM result shows
that the nanoparticles’ surfaces are rough, with some of the particles having spherically random
orientation. The photodegradation efficiency of green synthesized CuO NPs photocatalyst was
found to be 98.35% for Congo red at optimum experimental parameters (initial concentration, 25
mg/L; exposure time, 120 min; catalyst dose, 0.2 g; and pH, 5) and 95.4% for Alizarin Red S at
optimum experimental parameters (catalyst dose, 0.25 g; initial concentration, 40 mg/L; exposure
time, 120 min; and pH, 4.6). The COD values determined for the degraded product strongly
support the complete mineralization of the dyes toward nontoxic materials. Reusability of the
catalyst was investigated for five cycles, and the results clearly indicate the green synthesized
CuO NPs are highly stable, can be used for several times, and are cost-effective as well. The
degradation of Congo red and Alizarin red S on the surface of the CuO NPs follows the MBG
kinetic model.

1. Introduction

Metal oxide nanoparticles are recently the most applicable material in the world especially in environmental pollution protection,
in drug delivery, in battery cell, catalyst for synthesis, and antimicrobial activity [1-3]. Among those nanoparticles, CuO NPs is a
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p-type semiconductor of huge applications as it is cheap, stable and environmental friendly material [4]. CuO NPs has low band gap
energy which makes it preferable material in photocatalytic reaction [5]. This material is recently the most applicable material in
different areas, in batteries [6], electrochemical corrosion inhibition [7], photocatalytic reaction [8], antibacterial activity [9], and
adsorption technology [10]. Usually it is prepared by mixing with another material to alter its performance and employed for different
application [11].

On the other hand, environmental pollution by human action and natural phenomena is the one that needs attention because of the
human health problem and other organisms caused by the pollution. These pollutants can be inorganic, Organic or organo-metallic in
type and among them, persistent organic pollutants are absolutely toxic to human and other animals [12]. Organic dyes are a type of
these persistent organic pollutants. Though these dyes are used in different industries such as textiles, cosmetics, leather tanning,
paper, pharmaceutical, plastic and practical laboratories of schools, colleges, Universities and the others, they are highly toxic to
human and other organisms if not properly managed and if they let out to the environment [13]. There were different techniques
applied over the last decades like adsorption [14-20], flocculation [18,21], chemical oxidation [22], coagulation [23], and ion ex-
change method [24] for the removal of toxic organic pollutants. Not only these, for the treatment of polluted air and aqueous system
different materials such as metal and metal oxide nanoparticles as well as MOF [25-27] were prepared and utilised. However, the
above mentioned methods have their own limitations such as incomplete removal of the pollutant, a slow process, high energy
consumption and material consumption, high cost, and production of secondary pollutants or large amount of sludge that require
further disposal. Therefore, the photocatalytic degradation is a suitable choice for the degradation of POP because of its efficiency,
simplicity and inability to generate secondary pollutant [28-30].

For the degradation of these organic dyes, metal oxides NPs are a good candidate as a photocatalyst [31]. The nanomaterials can be
synthesized through green and chemical methods [7,32-35] and utilised for different purposes. In a chemical method, toxic and
environmentally unfriendly chemicals or reducing agents such as hydrazine hydrate, sodium borohydride, dimethylformamide,
ethylene glycol, and so on are commonly used [36]. Not only is their toxicity a problem, but these chemicals are expensive and not
economic at all. As a result, an environmentally friendly, cost-effective, and fast production rate synthesis approach is required.

Therefore, this work aims at the green synthesis of copper oxide nanoparticles using Moringa stenopetala seed extract as a reducing
and capping agent, their characterization, and their application for photocatalytic degradation of Congo red and alizarin red S dyes. In
this work, green method is more preferred because of its advantage over the other methods. In green method, toxic chemicals are
replaced by green reactants, high energy is not needed, cost of synthesis is reduced and large scale production can be easily employed
[37,38]. CuO NPs are more preferable because of their low band gap energy, which makes it possible to use under sun light irradiation,
their stability for reusability, and the fact that the copper salts are cheap, which makes it cost effective for wider application. To the
best of our knowledge from our survey, CuO NPs were not prepared using Moringa stenopetala seed extract as reducing and capping
agent. This plant belongs to the family of moringinaceae and is cultivated in Ethiopia specially in Gamo Gofa, Konso Wolayta and
Sidama where the local people consume its leaves as part of their diet [39,40]. Many researchers used Moringa stenopetala leaf extract
for synthesis of nanomaterials and also reported that its leaves contain different secondary metabolites. But the leaf this plant is
consumed as food and is not recommended to be used for this purpose. For this reason and because its seed was reported to contain
different secondary metabolites [41,42], i.e., glucosinolates, 5,5-dimethyloxazolidine-2-thione [43], isobutylthiocyanate and benzyl
isothiocyanate [44], its seed extract was selected as a reducing and capping agent for the preparation of CuO NPs. Congo red and
alizarin red S were selected as a representative organic dyes for evaluation of the degradation efficiency of CuO NPs. Moreover, in most
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Fig. 1. Flow diagram for the preparation of M. Stenopetala seed extract.
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of the early reported literature, the degradation of organic dyes occurs under UV irradiation with the support of hydrogen peroxide.
But this approach is not safe at all, and because of this reason using sunlight as an energy source is safe, and it was used in this study.

2. Experimental section
2.1. Materials

All chemicals used were analytical grade. 95% of Cu (NOs3)2.3H20 (LOBA CHEMIE) was used for the preparation of CuO nano-
particles as metal ion precursor. Congo red (SAMIR TECH-CHEM, LTD) and Alizarin red S (LOBA CHEMIE) dyes were used for the
evaluation of photocatalytic activity of the prepared CuO nanoparticle. NaOH (Abron Experts-133 001, India) and 37% HCI (Sigma-
Aldrich) were used for adjusting pH of the sample. Distilled water was used throughout the experiment for preparing solutions, plant
extract and for washing purposes. Sulfuric acid, potassium dichromate (LOBA CHEMIE), ferrous ammonium sulfate (LOBA CHEMIE),
silver sulfate, mercuric sulfate (Alpha chemika), and phenanthroline ferrous sulfate indicator were used to investigate the chemical
oxygen demand of the final degraded product.

2.2. Preparation of Moringa stenopetala seed extract

For the preparation of seed extract (Fig. 1), mature and healthy Moringa stenopetala fruit was collected from land farms in Dilla,
Gedeo Zone, Southern Nation, Nationality, and People’s Region. Then the peel was separated from its seed, and the obtained seed was
washed with tap water, then distilled water to remove dust, and dried under the shade. The dried seed was ground using a grinding
machine, followed by packing in airtight glassware. The extraction was carried out by placing 10 g of powdered seed of Moringa
stenopetala in a 250-mL conical flask containing 100 mL of distilled water and boiling at 80 °C for 20 min until the color changed to
light brown. Then the plant extract was filtered twice using Whatman filter paper and stored in a refrigerator for the next application.

2.3. Green synthesis of copper oxide nanoparticles

The synthesis of CuO NPs was done according to the method on [45]. 20 mL of Moringa stenopetala aqueous extract was vigorously
mixed with a homogeneous solution of copper metal precursor (0.1 M, 80 mL) for 4 h at 80 °C until a black colour was obtained, and
then cooled to room temperature. Finally, the formed paste-like product was scratched and calcined in a muffle furnace at 400 °C for 2
h, yielding black-colored nanomaterial (Fig. 2).

2.4. Characterization

The crystalline structure and particle size of the synthesized CuO NPs were investigated by an X-ray diffractometer (Shimadzu XRD-
70008S). The patterns were run with Cu-filtered CuKa radiation (A = 1.54059 i\) energized at 40 kV and 15 mA. The samples were
measured at room temperature in the range of 20 = 10° to 60°. Functional group and chemical bond identification were analyzed by
Spectrum 65 FT-IR spectrometer (PerkinElmer) for both CuO NPs and plant seed material with the scanning range of 4000 cm ™" to 400
em™!. Optical absorption and optical energy band gap measurements were carried out with a double-beam UV-Vis spectrophotometer
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Fig. 2. Flow diagram of green Synthesis of CuO Nanoparticles. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)



G.F. Aaga and S.T. Anshebo Heliyon 9 (2023) e16067

(SM-1600 spectrophotometer). Scanning electron microscopy (JEOL/EO-JCM-6000 Plus) was taken to examine the morphology of the
green route of CuO NPs.

2.5. Photocatalytic degradation experiment

To test the efficacy of the synthesized CuO NPs, 0.1 g of them were placed in a beaker with 50 mL of dye aqueous solutions. Prior to
natural sunlight irradiation, a beaker containing the mixture of nanoparticles and dye solution was stirred for 30 min on a magnetic
stirrer in the dark. This was done to keep the adsorption and desorption processes between dye molecules and the CuO NPs surface in
balance. After 30 min, a beaker containing the dye solutions with nanoparticles was exposed to sunlight irradiation with the highest
light intensity from 11:30 a.m. to 3:00 p.m.; the dye solutions with nanoparticles in the beaker were then centrifuged for 5 min at 1400
rpm using a centrifuge. The extent of the degradation was monitored by measuring the absorbance before and after degradation at 426
nm and 497 nm for Alizarin red S and Congo red, respectively. The effects of experimental parameters such as the initial concentration
of the dyes, pH, exposure time, and photocatalyst dose were studied. The kinetics of the degradation was also investigated for both of
the dyes. The chemical oxygen demand (COD) of the final product after degradation was investigated to evaluate the efficiency of
greenly synthesized CuO NPs for effective degradation.

The COD in mg of O/L in a final degraded product was calculated using equation (1).

con (%)
L

(Vo — Vs) * M

v * 1000 1)

Where Vp and Vg are volume of ferrous ammonium sulfate consumed for the blank and degraded product in mL, M is the molar
concentration of the ferrous ammonium sulfate solution and V is the volume of the degraded product taken.

The reusability of the greenly synthesized CuO NPs was investigated just by recollecting the photocatalyzed CuO NPs through
centrifugation. The nanoparticles were collected and washed twice with distilled water and then with ethanol before being used for
degradation.

The percent of degradation was calculated by using equation (2).

Ay — A,

0

* 100 (2)

Degradation percentage =
Where, A is absorbance before degradation and A; is absorbance of the dyes at a time t, on degradation.

2.6. Kinetics study

In the present study, three kinetics models have been tested in order to predict the photodegradation data of the dyes: the pseudo-
zero-order, pseudo-first-order, and pseudo-second-order kinetics models. The photodegradation pseudo-kinetics experiments were
carried out at different exposure times ranging from 30 to 120 min at 40 mg/L and 25 mg/L initial concentrations of Alizarin red S and
Congo red, respectively. During this work, all other experimental parameters were optimized while being kept constant. This kinetics
study was investigated by using the linearized equation for zero-order kinetics, first-order kinetics, second-order kinetics and BMG
model as shown on equations (3)-(6), respectively.

Co—C = kot 3)
In (%) =kt 4
é*c% — byt ®)
1 j£:£ 6)

Where C, is initial concentration of the dyes, C is concentration of the dyes at time t, k is the rate constant and t is time.
3. Result and discussion
3.1. Characterization

3.1.1. X-ray diffraction (XRD) analysis

X-ray diffraction was used to examine the phase purity and crystallinity of green-route synthesized CuO NPs (Fig. 3). The XRD
analysis of Moringa stenopetala seed extract-mediated greenly synthesized CuO NPs has confirmed the crystalline structure of the
nanoparticle. Fig. 3 shows typical XRD pattern of green synthesized CuO NPs diffraction peaks at 2 6 of 32.22°, 35.42°, 38.64°, 48.60°
and 58.02°, and these diffraction peaks were matched to (1 1 0), (0 02), (11 1), (2 0 2), and (2 0 2) CuO NPs. These diffraction peaks
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agree well with JCPDS card 89-2529, confirming that the CuO NPs synthesized are crystalline and monoclinic in structure [45]. The
average particle size of the nanoparticle is calculated by the Debye-Scherrer equation, as shown in equation (7):

.2
" PcosO

)

where D is the average crystalline size, K is the Scherrer constant (usually 0.9), is the X-ray source’s wave length, Cu k radiation
(1.5406), is the diffraction’s full width at half maximum (FWHM) in radians, and is Bragg’s diffraction angle, and it was found to be
6.556 nm.

3.1.2. Fourier transform infrared spectroscopy (FT-IR) analysis

Fig. 4A and B shows the FT-IR spectra of Moringa stenopetala seed powder and the green synthesized CuO NPs, respectively. The
peaks at 2920 cm ™! and 3389 cm ! belong to the symmetric and asymmetric stretching vibrations of the O-H bond, respectively, and
may be because of absorbed moisture. The presence of bands at 535 cm™* and 1122 cm ™" indicates different modes of bending vi-
bration of the Cu-O bond. The appearance of the peak at 1640 cm ™! indicates that the Cu-O bond of copper (IT) oxide nanoparticles is
stretching [46]. This FT-IR spectrum strongly suggests the formation of the desired CuO NPs. On the FT-IR spectrum of the seed powder
of the plant, the broad peak at 3316 cm ™! belongs to the O-H stretching vibration of the water molecule. The absorption peaks at 2924
em ™! and 2856 cm ™! were identified as asymmetric and symmetric C-H stretching vibrations of aliphatic groups; the peak at 1750
em ! is because of C-O stretching carbonyl; the peak at 1652 cm™! is because of N-H stretching vibrations of amine molecules; the
peak at 1466 cm ™! was attributed to C-N stretching vibration, the peak at 1163 cm ™ to C-O stretching, and the peak at 634 cm ™" to
the N-H bending vibration. The peaks at 3316 cm ™, due to O-H stretching of hydroxyl groups, and the peak at 1750 cm™?, attributed
to C=0 stretching of carbonyl groups present in the seed extract, were approximated as the reducing agents in the green synthesis of
CuO NPs.

3.1.3. Ultraviolet-visible spectroscopy analysis

Greenly synthesized CuO NPs’ optical properties were investigated by measuring their absorbance in the 200-800 nm wavelength
range and then calculating their band gap energy. The sharp absorbance peak at 280 nm of greenly synthesized CuO NPs confirmed the
particles’ nanoscale size (Fig. 5A). Moreover, this absorbance spectrum of CuO NPs is well associated with the previous report [45,47].
The energy band gap and transition type can be determined from the analysis of data obtained from optical absorbance versus
wavelength with the Stern (1963) relationship of near edge-absorption, which is given in equation (8) [48]:

[k(hv — Eg))

A=
hv

(8
Where A is absorbance, hv is the incident photon energy, k is a constant, and the exponent ‘n” assumes the values 1, 4, 3 and 6 for
allowed direct, allowed indirect, forbidden direct and forbidden indirect transitions respectively. The energy band gap of the syn-
thesized nanoparticles was obtained by extrapolating the linear portion of (Ahv) 2 versus Eg to the axis at (Ahv) 2 = 0, which is a
straight line in the domain of higher energies, which indicates a direct optical transition. The energy band gap of the green synthesized
CuO NPs obtained through extrapolation is 1.73 eV (Fig. 5B). This energy band gap is appropriate band gap energy as it is comparable
with energy that can be obtained from solar radiation (sun light) and nearly similar with the previous report [49].
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Fig. 3. XRD plot of green synthesized CuO NPs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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3.1.4. Scanning electron microscope (SEM) analysis

The SEM images for the green synthesized CuO NPs are shown on Fig. 6A and B. The images clearly show that the particles have a
rough surface and some of them have a spherically random orientation. The analysis was done at two different magnifications, which
were aimed at observing the morphology of the CuO NPs clearly.
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Fig. 6. SEM images of green synthesized CuO NPs at 200 ym and 50 ym.
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3.2. Evaluation of photocatalytic activity of green synthesized CuO nanoparticles

The degradation of the selected organic dyes using CuO NP was studied by determining the optimum experimental parameters such
as pH, initial dye concentration, catalyst dose, and exposure time. Observation of the decay in color and calculation of the percentage
of degradation using the absorbance value before and after degradation were implemented as the preliminary screening of the
occurrence of the degradation.

3.2.1. Effect of photo catalyst dose

Fig. 7 indicates the optimum dose of the prepared photocatalyst for the degradation of both dyes. For alizarin red S, degradation
efficiency increased up to a dose of 0.25 g (94.78%) and then decreased. Also, the degradation efficiency of Congo red increases up to a
catalyst dose of 0.2 g (92.7%). Lowering the catalyst dose below the optimum value reduces degradation because more light passes
through the reaction medium and is used in the photocatalytic reaction [50].

This increase in degradation efficiency is due to the generation of more active sites on the photocatalysts surface as the dose of
catalyst increases which consequently increases the number of hydroxyl and superoxide radicals. It has been reported that in het-
erogeneous photocatalytic reactions, the photo degradation of dye is in proportion with the loaded catalyst and it increases as a result
of an increase in the amount of loaded catalyst [51]. As the catalyst dose increased further, the percent of degradation decreased due to
light penetration inhibition, and less hydroxyl radical was generated. Aggregation of nanoparticles at high catalyst doses may also
contribute to a lower degradation percentage by reducing the number of active sites and producing fewer active radicals [52,53].

3.2.2. Effect of initial concentration of the dyes

The optimization of the initial dye concentrations was performed by varying the initial dye concentrations (10 mg/L to 40 mg/L for
Congo red with a gap of 5 mg/L and 10 mg/L to 70 mg/L for Alizarin red S with a gap of 10 mg/L) as presented in Fig. 8. The
degradation efficiency increases up to 25 for Congo red, whereas for Alizarin red S, it increases up to 40 mg/L. Then, after these two
optimum values of initial concentrations, the efficiency decreased. The increment in degradation with increasing the initial dye
concentration is just because more dyes are available for degradation, and this will be true up to the optimum point. This decrease in
degradation efficiency with increasing initial dye concentration above the optimum value is primarily due to a large amount of
adsorbed dye, which may also inhibit reactions between dye molecules and reactive radicals [54]. Since the excessive dye concen-
tration may hinder light penetration into the solution, fewer photons can reach the photocatalyst surface [55].

3.2.3. Exposure time

The effect of exposure time on the photodegradation of both dyes was investigated for both dyes and shown in Fig. 9. The
degradation efficiency of both Congo red and Alizarin red S sharply increases up to 120 min and then seems to maintain constant
efficiency above 120 min. This result indicates the time required for the degradation of the dyes within the efficiency of the prepared
photocatalyst. When the time of total degradation of the dyes reached the degradation efficiency of the photocatalyst, further
exposition time would not be useful as it couldn’t bring more results beyond the efficiency of the catalyst.

3.2.4. Effect of pH
The optimum pH for both of the dyes was investigated and summarized in Fig. 10. The pH at which maximum degradation effi-

ciency (95.4%) was obtained for Alizarin red S was 4.6 (the pH of the mixture of the dye and catalyst itself). The maximum degradation
efficiency obtained at this pH is attributed to the effects of the pH in facilitating the adsorption between the dyes and the
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Fig. 7. Effect of catalyst loading on Alizarin red S and Congo red degradation with 10 mg/L/50 mL of Congo red and 30 mg/L/50 mL of Alizarin red
S. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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for Congo red. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

photocatalysts. The optimum pH value for the degradation of Congo red was 5. This congo-red molecule is also an anionic dye (two
negatively charged sulphonate groups per molecule). The high degradation percent at pH 5 (98.35%) is due to the possible adsorption
between the dye and the catalyst. In this acidic medium, the catalyst is positively charged through protonation, and for both of the
dyes, adsorption is possible here because of the electrostatic force of attraction between the dyes and the catalyst. This decrease in
degradation efficiency above the optimum pH is mainly due to the electrostatic repulsion between the negatively charged group of the
dyes and the negatively charged surface of the catalyst through the addition of the base [56].

At the optimum experimental parameters, the degraded products were taken, and their COD values were determined to be 16 mg/L
and 19 mg/L for Congo red and alixarin red S, respectively. These COD values indicate that the greenly synthesized CuO NPs have good
potential to effectively degrade the dyes and mineralize them into a nontoxic product.

A mechanism for degradation was proposed and presented in Fig. 11. When the mixture of CuO NPs and dyes is exposed to sunlight,
the electron will excite in the conduction band, leaving a positive hole in the valence band. Then the exiting electron will be trapped by
surface oxygen and produce hydroxyl radicals through photooxidation, whereas the positive charge will oxidize water to form hy-
droxyl radicals. The formed hydroxyl radical will degrade the dyes, forming non-toxic products such as CO and H»O.

The reusability of green-synthesized CuO NPs for photocatalytic degradation of both dyes demonstrates the nanoparticles’ excellent
performance. The regenerated CuO NPs showed good catalytic performance up to the fourth cycle and somewhat decreased on the fifth
cycle (Fig. 12). This can be due to the loss of nanoparticles during washing. Therefore, the nanoparticles can be regenerated and used
for degradation dyes under sunlight irradiation. The stability of greenly synthesized CuO NPs at optimum pH can also be observed from
this recyclability study. Unless the nanoparticles are stable at the optimum pH, they cannot be used for degradation more than several
times.
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Fig. 9. Effects of exposition time for degradation of Alizarin red S and Congo red, Catalyst dose: 0.25 g/50 mL for Alizarin red S and 0.2 g/50 mL for
Congo red, Initial concentration; 25 mg/L for congo red and 40 mg/L for Alizarin re S. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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The comparison of the newly prepared CuO NPs with the previously reported green synthesized CuO NPs in terms of particle size
and photocatalytic performance was reviewed and accumulated in Table 1. The summary shows that the greenly synthesized CuO NPs
by using Moringa stenopetala seed extract as a reducing and capping agent have excellent performance in photocatalytic properties as
well as an average particle size that is relatively small.

3.3. Kinetics study

The kinetics data for zero order (Fig. 13A), first order (Fig. 13B), second order (Fig. 13C), and the BMG model (Fig. 13D) were
investigated. The degradation rate constant and correlation coefficient for each kinetic are calculated and summarized in Table 2. The
data indicate that a correlation coefficient of 0.99999 and 0.9991 was obtained for Congo red and Alizarin red S on the BMG kinetic
model. These values indicate that the degradation of Congo red and Alizarin red S on the surface of CuO NPs photocatalyst well fits the
MBG kinetic model.

4. Conclusion

Under this study, highly efficient and stable copper oxide NPs were successfully synthesized by a green synthetic pathway and
applied for photocatalytic degradation of Congo red and Alizarin red S. The characterization of CuO NPs was done by different
analytical techniques such as XRD, FT-IR, UV-Visible, and SEM. XRD data confirmed green synthesized CuO NPs is crystalline in nature
and that it is at a nano level (i.e 6.556 nm). FT-IR spectra revealed characteristic peaks of Cu-O bonds and functional groups present in
seed extracts that are assumed as reducing and capping agents in the preparation of CuO NPs. Furthermore, from the UV-visible
spectra of synthesized CuO NPs, an energy band gap was obtained. The nanoparticles have a bandgap energy of 1.73 eV. These all
confirm the formation of the desired CuO NPs. From the photocatalytic degradation study, it is possible to conclude that these green-
route synthesized CuO NPs have the efficacy to degrade Congo red and Alizarin red S under natural sunlight irradiation. The pho-
tocatalytic degradation was found to be strongly dependent on the photocatalyst dose, exposure time, pH, and the initial dye con-
centration. In the degradation of both of the dyes, maximum degradation efficiency was found to be 98.35% and 95.4% for Congo red
and Alizarin red S respectively under optimum conditions. The kinetics study indicates that photocatalytic degradation of Alizarin red
S and Congo red follows the BMG kinetic model. In general, CuO NPs can be applied for the treatment of organic dye-polluted aqueous
solutions.
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Table 1
Comparison of green synthesized CuO NPs in degradation efficiency and particle size with reported values.
Developed Reducing and Particle Targeted pollutant ~ Reagent added to Utilised light Degradation Reference
material capping agent size (nm) trigger degradation efficiency (%)
CuO NPs Moringa stenopetala 6.556 Congo red, _ Solar light 98.35 and 95.4 This work
seed extract Alizarin red S respectively
Cordia sebestena 20 to 35 Bromothymol H,0, Solar light 100 [45]
flower extract blue
Papaya Peel Extract 85-140 palm oil mill _ UV light 66 [57]
effluent
Carica papayaleaves 140 Coomassie - Solar light _ [471
extract brilliant blue
Psidium guajavaleaf - Nile blue, reactive  _ Solar light 97 and 80 [33]
yellow respectively
Oak Fruit Hull 40 Basic violet 3 - fluorescent lamp 86 [58]
extract (visible light)
T T T T T T T T
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Fig. 13. Pseudo zero-order (A), first order (B), second order (C), and MBG (D) kinetic model for Alizarin red S and Congo red degradation. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 2
Rate constant (k) or 1/m and correlation coefficient (R?) calculated for kinetics model.
Types of models Dyes
Alizarin red S. Congo red
2 2
k (l for BMG) R k (l for BMG) R
m m
Pseudo zero order 0.0273 0.997 0.0021 0.995
Pseudo first order 0.0032 0.9927 0.00142 0.997
Pseudo second order 0.00037 0.980 0.00095 0.993
BMG model 1.1929 0.9991 1.0549 0.99999
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