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An effective and easily regenerated adsorbent is the one for which scientists are making an effort 
to explore. In this study, copper oxide nanoparticles (CuO NPs) were synthesized in a green manner 
from a leaf extract of Moringa stenopetala and used for dye adsorption. XRD, FTIR, and SEM were 
employed for the characterization of CuO NPs. The crystallite size of the CuO NPs was calculated 
via Debye–Scherrer equation from the XRD data and was found to be 8.33 nm. The Cu–O bonding 
bending vibration at 1116 cm− 1 and stretching vibration at 1649 cm− 1 observed from the FTIR data 
strongly confirmed the formation of CuO NPs. SEM morphology analysis confirmed the formation 
of nanoparticles with a plate-like morphology and a spherically random orientation. The zero-point 
charge of CuO NPs was investigated and reported to be at pH 7. The adsorption of dyes on the greenly 
produced CuO NPs was studied by optimizing different adsorption parameters. The removal efficiencies 
of the green CuO NPs adsorbent were 99.54% at the optimum conditions (pH, 4; dye concentration, 
30 mg/L; amount of adsorbent, 0.25 g; and contact time, 80 min) and 98.33% at the optimum 
conditions (pH, 11; dye concentration, 20 mg/L; amount of adsorbent, 0.4 g; and contact time, 80 min) 
for congo red and malachite green, respectively. The adsorption efficiency of the biosynthesized CuO 
NPs for the mixture of the two dyes was 92.3%. The green synthesized adsorbent was regenerated and 
able to work effectively for four cycles for the two dyes. The results of the kinetics-type investigation 
indicate that the adsorption of both dyes by the CuO NPs adsorbent best fits a pseudo-second-order 
model. The isotherm model-type investigation resulted in the fitting of the Langmuir adsorption 
isotherm for both the congo red and malachite green dyes.
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The current interest in nanomaterials among researchers and industrial institutions is very high because of 
the unique characteristics of nanomaterials. Metal and metal oxide nanoparticles, metal- and nonmetal-
doped nanomaterials, and nanocomposites have been synthesized, and their potential applications have been 
studied. In addition to the laboratory scale, different industries use nanomaterials for different purposes, 
including as adsorbents and catalysts in waste treatment plants1,2, in the fabrication of energy storage devices, 
in energy production, and in the field of nanomedicine3,4. Among the different kinds of nanomaterials, metal 
oxide nanoparticles have attracted the attention of researchers because of their unique characteristics, i.e., 
being semiconducting materials that can be utilized for photocatalytic reactions5–7, the simplicity of large-
scale production at the laboratory scale, and their efficiency in application to different areas. CuO is a p-type 
semiconducting material that has unique properties, i.e., it is stable, can be prepared from inexpensive starting 
materials, and is environmentally friendly8. The synthesis and application of this material have been studied by 
different scholars, especially in waste treatment8,9, sensors10, and corrosion inhibition11,12. Using boireducing 
agents and capping agents from biological sources is believed to be the greenest route for the fabrication of these 
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nanomaterials13–16. Moringa stenopetala can be considered a source of active bioreducing and capping agents. 
Alkaloids, flavonoids, tannins, saponins, amino acids, polyphenols, glycosides, and phenolic compounds are 
some of the bioactive compounds reported to be present in the leaves of Moringa stenopetala17–19.

On the other hand, pollution of the environment by persistent organic pollutants is the current critical issue to 
be resolved by the scientific community. Among them, Congo red is the most widely used dye in textiles, plastics, 
cosmetics, and other academic institutions. Gastrointestinal problems, allergic reactions in the eyes and skin, 
blood clotting, drowsiness, respiratory difficulties, and carcinogenicity are the major health risks that Congo red 
can impose on humans20–22. The other highly toxic and widely used dye is malachite green. In addition to their 
advantages, they contain harmful compounds that can cause cancer, headaches, eye irritation, mutations, etc.,, 
in humans23,24. Several methods and techniques have been investigated and reported for the removal of these 
dyes. Among them, coagulation25,26, flocculation27–29, electron beam treatment30,31, photocatalysis32–34, and 
adsorption20,35 are the most frequently used techniques. Most of these techniques are efficient for the elimination 
of dyes, but at the same time, they have some drawbacks. The formation of a high volume of sludge after treatment 
and the use of high energy, especially during beam treatment, are the major drawbacks. In most experiments and 
scientific reports, there are no regeneration data for adsorption36, flocculation37, or coagulation38.

If it can be regenerated and used for several cycles and the production of contaminated sludge is reversed, 
adsorption is reported to be the most simple and available technique for the treatment of organic and inorganic 
wastes39–41. In the literature, different adsorbents from biological sources (bioadsorbents) and activated carbon 
from different sources have been prepared and investigated for their application. However, the problem that 
these adsorbents can generate is the large amount of sludge that is produced after adsorption42,43. The use of 
nanomaterials here as adsorbents seems promising. The surface area of nanomaterials makes them promising 
candidates for adsorption technology because they are effective adsorbents for the adsorption of pollutants, and 
a small amount of the nanomaterial can adsorb a large amount of the target pollutant and can be regenerated44. 
Hence, this work was designed to fabricate single, efficient, and easily regenerated CuO NPs using the leaf extract 
of Moringa stenopetala as a reducing, stabilizing, and capping agent for the adsorptive removal of Congo red and 
malachite green.

Methodology section
Reagents and chemicals
Analytical-grade chemicals and reagents were used for the study. Next, 95% copper nitrate trihydrate (LOBA 
CHEMIE), Congo red (SAMIR TECH-CHEM, LTD.), malachite green (Blulux, India) sodium hydroxide, 37% 
hydrochloric acid, and distilled water were used.

Experimental procedure for the preparation of CuO nanoparticles
Extraction of bioactive compounds from plant leaves
For the extraction of bioactive compounds, the leaves of Moringa stenopetala were collected from inside the Dilla 
University campus in Dilla, Ethiopia. For the collection of the leaves of Moringa stenopetala, permission was 
obtained from the Dilla University Energy and Environment Research Center. The collected leaves were cleaned 
by washing several times with distilled water and then drying at room temperature. For extraction purposes, the 
dried leaf was ground with a mortar and pestle, and 10 g of the powdered leaf was added to a flask and mixed 
with 100 mL of double-distilled water. The mixture was subsequently heated at 80 °C on a hot plate for 20 min. 
Finally, the boiled content was cooled to room temperature, and the extract was separated from the residue 
through filtration and then stored in a refrigerator at 4 °C45. All the procedures were conducted in accordance 
with local and national regulations.

Synthesis of copper(II) oxide nanoparticles
The synthesis of copper(II) oxide nanoparticles (CuO NPs) was performed by stirring 80 mL of copper(II) 
nitrate for 15 min and adding 10, 20, or 30 mL of the plant leaf extract to it. The three mixtures were stirred at 
80 °C for four hours until a black color was observed. The resulting black material was subsequently powdered 
and calcined at 400 °C in a muffle furnace for two hours8. The purpose of varying the mL of plant extract was to 
optimize the ratio of plant leaf extract to metal ion precursor at ratios of 10:80, 20:80, and 30:80 with a constant 
concentration of the plant leaf extract.

Characterization of the green-synthesized CuO nanoparticles
The greenly prepared CuO NPs were characterized by scanning electron microscopy (SEM), Fourier transform 
infrared (FIIR) radiation, X-ray diffraction (XRD), and point-of-zero charge determination techniques. XRD 
was used to identify the crystalline phase and calculate the crystallite size. The experiment was performed with 
CuKα radiation with a wavelength of 1.5406 Å, a potential of 40 kV, and a current of 15 mA. The measurement 
was run at room temperature, with a 2θ value of 10° to 80°. The Debye–Scherrer formula shown in Eq. (1) was 
used to compute the crystallite size of the developed CuO NPs.

 
D =

kλ

βcosθ
 (1)

where k is a constant, D is the crystallite size of the material,  is the wavelength of the X-ray source,  is the 
width at half-maximum, and θ is Bragg’s diffraction angle. As the crystallite size affects the efficiency of the 
material, from the XRD data, CuO NPs with the smallest crystallites were selected and subjected to further 
characterization. The functional groups of the formed bonds in the CuO NPs and those present in the leaf extract 
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were investigated via FTIR spectroscopy (PerkinElmer). The morphology and dimensions of the synthesized 
CuO NPs were investigated via SEM (JEOL/EO-JCM-6000 Plus).

The CuO NPs point of zero charge was also investigated. To do that, 50 mL of a 0.05 M sodium chloride 
solution was added to different 125 mL flasks that contained 60 mg of CuO NPs, and the flasks were covered 
immediately. The initial pH of these solutions was varied from 1 to 9 using NaOH and HCl. The mixtures were 
shaken at 30 °C for 24 h. After 24 h, the contents were centrifuged at 3500 rpm for approximately 10 min. The 
pH values of the solutions with and without CuO NPs were measured and recorded as the pHf and pHi of the 
solutions, respectively. The value of pHpzc was subsequently obtained by plotting a graph of pHf-pHi versus pHi

46.

Assessment of the adsorption efficiency of CuO NPs
To assess the adsorption efficiency of the greenly produced CuO NPs, two dyes were selected, and batch 
adsorption was carried out. To assess its efficiency effectively, the effects of different operational parameters, such 
as the dye concentration, duration of contact of the adsorbate with the adsorbent pH, and adsorbent amount, 
were studied. After adsorption, the mixture was separated via the filtration technique and analyzed via a UV‒Vis 
spectrophotometer at 497 and 616 nm for the remaining concentrations of congo red (CR) and malachite green 
(MG), respectively. Adsorption equilibrium was established between the adsorbed dyes on the adsorbent (qe) 
and the unadsorbed dyes in the solution. The maximum amount of dye adsorbed at equilibrium, qe (mg/g), and 
the percentage of adsorbed dye were computed via Eqs. (2) and (3), respectively.

 
qe =

(Co − Ce)V
m

 (2)

 
Percent of adsorption =

Co − Ce

Co
× 100 (3)

where V is the volume of the mixture in liters, Co is the initial concentration of the dye, Ce is the equilibrium 
concentration of the dye, and m is the mass of the adsorbent in grams.

pH effect investigation
To determine the optimum pH for the removal of the target dyes, the other parameters were arbitrarily assigned, 
and the pH was varied from 2 to 9 for congo red and from 2 to 11 for malachite green. The pH of the medium 
itself (pH 4.6 for Congo red and pH 9.7 for malachite green) was considered one pH value when the pH of the 
medium was varied.

Investigations of the effects of initial dye concentrations
The initial concentration effect was investigated by varying it from 5 to 40 mg/L for congo red and from 5 to 
50 mg/L for malachite green, whereas the other parameters remained constant.

Investigation of the amount of adsorbent effect
The effect of the amount of adsorbent on effective adsorption was studied. To do so, the adsorbent doses were 
varied from 0.01 g to 0.3 g with a gap of 0.05 g per 50 mL of 25 mg/L CR and 20 mg/L MG, while the other 
working parameters were maintained at previously established points.

Investigation of the optimal contact time
The amount of contact time required for the effective adsorption of the dyes was investigated by varying the 
contact duration from 10 to 100 min while maintaining the previously optimized parameters at their optimum 
values.

Real sample representation
In adsorption technology for wastewater treatment, applying a newly synthesized adsorbent to a real sample or, 
in the absence of a real sample, trying to provide one that represents a real sample is very important for real-
world applications. Because we were not able to obtain real samples for this study, the two dyes considered for 
this experiment were separately prepared at the optimized concentrations (30 mg/L congo red and 20 mg/L 
malachite green) and mixed at 1:1 ratios at a final volume of 50 mL. For the effective analysis of the mixture of 
the dyes, the maximum wave length for the adsorption of the dyes was investigated from 350 nm to 650 nm, 
and 500 nm was found to be the maximum wavelength at which the adsorption of the mixture of the two dyes is 
maximal. The efficiency of the green synthesis of CuO NPs for the adsorption of a mixture of the two dyes was 
subsequently determined under optimized conditions via adsorption experiments.

Adsorption regeneration experiment
The importance and reliability of adsorption technology are tested by regenerating the adsorbent for repetitive 
use. The advantages of this work are investigated by washing the adsorbent with ethanol after adsorption and 
then using it for another cycle. Specifically, 50 mL of 30 mg/L and 20 mg/L solutions of congo red and malachite 
green, respectively, were brought into contact with the adsorbent (CuO NPs) under optimum conditions for 
80  min. After 80  min, the adsorbent was separated from the solution through filtration and regenerated by 
washing with 50% (v/v) ethanol for another cycle of adsorption. The regeneration experiment was repeated four 
times. The dye concentration in ethanol was analyzed via a UV‒Vis spectrophotometer47. The percentage of 
regeneration (%Re) was calculated via Eq. (4).
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%Re =

V CM

Mqe
∗ 100 (4)

where V(L) and CM represent the volume of the washed solution and the concentration of dyes in the washed 
solution, respectively; M(g) represents the mass of the adsorbent; and qe represents the adsorbed dye amount 
obtained via Eq. (2).

Isotherm investigation
For a better understanding of the adsorption types, mechanisms, and possibilities of multilayer adsorption, the 
isotherms of the Langmuir and Freundlich models were considered and evaluated for fitting to the adsorption 
data. The Langmuir model is represented by Eq. (5)48:

 
qe =

qmaxbCe
1 + bCe

 (5)

where b is the isotherm constant, Ce is the concentration at equilibrium, and qe is the adsorbed dye at equilibrium 
(mg/g). The linear form of the equation is given in Eq. (6):

 
1

qe
=

1

qmax
+

1

Ceqmaxb
 (6)

qmax and b were calculated from the plot of 1
/
qe

 versus 1/Ce, respectively.
The relation shown in Eq. (6) can be used to determine the separation factor RL:

 
RL =

1

1 + bCO
 (7)

where b is a constant from the Langmuir plot and Co is the initial concentration of the dye (mg/L).
The type of adsorption reversibility is indicated by the RL value, whether it is favorable (0 < RL < 1), 

irreversible (RL = 0), linear (RL = 1), or unfavorable (RL˃1).
The Freundlich adsorption isotherm is used to represent heterogeneous adsorption behavior and has an 

unequal distribution of active sites with different binding energies. This isotherm is represented by the relation 
shown in Eq. (8)49.

 qe = KfC
1
n
e  (8)

Equation (7) can be written in a linear form, as in Eq. (9).

 
logqe = logKf +

1

n
log Ce (9)

where Ce is the equilibrium concentration of dye, qe is the amount of adsorbed dye at equilibrium (mg/g), Kf 
is the adsorbent capacity, and n is the intensity of the adsorption. Kf and n were computed from the slope and 
intercept, respectively, of the plot of log qe versus log Ce.

Pseudo kinetics investigation
The pseudokinetics of both dyes were investigated, and an experiment was performed with optimized 
experimental parameters. For the investigation, the samples were taken for analysis at intervals of 20, 30, 40, 
60, 80, 90, and 90  min, and the filtrates were quantified by a UV‒visible spectrophotometer to quantify the 
remaining concentration. First- and second-order pseudo kinetics were examined for their fit to the adsorption 
data.

Results and discussion
Characterization of the green synthesized adsorbent
X-ray diffraction study
The crystalline characteristics and purity of the prepared CuO NPs were examined via X-ray diffraction (XRD). 
The XRD data revealed the crystalline structure of the prepared CuO NPs. Figure 1 shows the XRD pattern of 
the synthesized CuO NPs. X-ray diffraction peaks at 2θ values of 35.57°, 38.79°, 48.7°, 53.54°, 58.38°, 61.6°, 66.2°, 
68.04°, 72.42°, and 75.1° were identified, and these diffraction peak positions matched the (1 1 0), (0 0 2), (1 1 1), 
(202), (020), (202), (113), (311), (113), (311), and (004) planes, respectively. The peaks obtained from the XRD 
pattern indicate the good crystalline monoclinic structure of CuO and are consistent with JCPDS numbers 048-
1548. The obtained results are highly consistent with the previously reported literature50. The lattice constants 
of the CuO nanoparticles are a = 4.6876 Å, b = 3.4104 Å, and c = 5.1138 Å. The resulting XRD peaks show no 
other phase observed, which suggests that the green as-synthesized CuO NPs have high purity. Debye-Scherrer’s 
formula was employed to calculate the crystalline size of the as-synthesized CuO NPs. The crystalline size was 
calculated for three different plant leaf extract-to-pre precursor ratios of 10:80, 20:80, and 30:80 mL, and the 
crystalline sizes at these ratios were determined to be 19.37 nm, 14.28 nm, and 8.33 nm, respectively, as shown 
in Table 1. The capping agent or stabilizer found in the plant extract controlled the growth of the nanomaterial 
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and prevented particle aggregation. These stabilizers are also believed to control the crystallite size of the 
nanoparticles; hence, at high volumes of the plant extract, a small crystallite size was obtained51.

Fourier transform infrared study
The FTIR analysis results of the synthesized CuO NPs are shown in Fig. 2. From the FTIR spectrum of the 
greenly prepared CuO NPs, the adsorption peaks at 2930 and 3453 cm− 1 correspond to the symmetric and 
asymmetric vibrations of the O‒H bonds, respectively. These results may be due to the adsorption of moisture. 
On the other hand, the peaks at 1116 cm− 1 and 1649 cm− 1 represent the Cu‒O bond bending and stretching 
vibrations, respectively8. The results of this analysis provide information about the development of the planned 
nanoparticles.

The phytochemicals in the leaf of the plant, which are believed to act as stabilizing and reducing agents, were 
also assessed via the FTIR technique. As shown in Fig. 2, the strong absorption peak observed at 3436 cm− 1 
corresponds to intermolecular oxygen‒hydrogen bonds; the peak at 1644 cm− 1 corresponds to carbonyl carbon; 
and the other peak at 1442  cm− 1 corresponds to C‒N stretching vibrations. These findings suggest that the 
oxygen‒hydrogen vibration of the hydroxyl functional group at 3436 cm− 1 and the carbon‒oxygen stretching 
vibration of carbonyl carbon at 1644  cm− 1 are responsible for the synthesis of CuO NPs as reducing and 
stabilizing agents.

S. No Ratio of plant extracts to precursor. Average crystallite size.

1 NP1(30:80) 8.33

2 NP2(20:80) 14.28

3 NP3(10:80) 19.37

Table 1. CuO NPs size information for different plant extract ratios.

 

Fig. 1. XRD patterns of the synthesized copper oxide nanoparticles.
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Surface morphology study
SEM was employed to investigate the surface morphology of the prepared CuO NPs, and the results are shown 
in Fig. 3. A homogeneous distribution of spherical nanoparticles with an irregular distribution was observed. 
SEM analysis revealed that greenly synthesized CuO NPs have a porous surface, which makes them potential 
adsorbents for the target pollutant. This morphology is promising for easily trapping dyes or target adsorbates52.

Point of zero charge investigation
The point of zero charge was investigated for the green synthesized CuO NPs to determine the region of positive 
and negative charges on the surface of the material. The analysis results are shown in Fig. 4. The graph was drawn 
as ∆pH versus pH initially, and the zero point charge was considered to be the point at which the graph crossed 
the X axis53, and it was found to be at pH 7. Therefore, when the solution pH is below 7, the charge on the surface 
of the material is positive, and when the solution pH is above 7, the surface charge is negative.

Adsorption study
Optimum pH investigation
The optimum pH for the adsorption of CR and MG dyes was investigated at pH values ranging from 2 to 9 and 
2–11, respectively, and the results are shown in Fig. 5. During the investigation, other experimental parameters, 
such as the amount of adsorbent (0.2 g), initial concentration (30 mg/L), agitation speed (150 rpm), and duration 
of contact (60 min), were held constant for both dyes investigated. The adsorption efficiency for CR decreased 
from 99.29 to 86.11% when the pH varied from 2 to 9. For MG, the adsorption efficiency increased from 29.44 
to 98.04% when the pH increased from 2 to 11. The dyes showed different adsorption behaviors with variations 
in pH. Minimizing the pH below the pHpzc of the CuO nanoparticles causes the surface of the nanoparticles 
to carry positive charges, as they can be protonated. Therefore, at this pH, anionic CR molecules can easily 
be adsorbed through the strong electrostatic force of attraction54,55. As investigated in this study, the pHpzc 
of the synthesized CuO NPs is 7. Therefore, when the pH of the medium is greater than 7, the surface of the 
nanoparticles is negatively charged, which makes the adsorption of the cationic dye MG to the surface of the 
CuO NPs very easy. In investigating the effect of pH, pH values of 4 and 11 were found to be the pH values at 
which high adsorption efficiency was obtained for the removal of CR and MG, respectively.

Investigation of the optimum initial concentration
To optimize the working parameters, the initial concentration effect was also studied by varying it from 5 to 
40 mg/L for both dyes, while the other optimized working parameters were held constant. An increase in the 
initial concentration of the dyes resulted in a decrease in the removal efficiency of the nanoparticles for both 
dyes. These results are shown in Fig. 6. At 30 mg/L and 20 mg/L, the adsorption efficiency of CuO NPs was 
99.14% and 96.79% for CR and MG, respectively. This trend of lower adsorption activity with increasing initial 
adsorbate concentration is mainly attributed to the fact that at lower adsorbate concentrations, there are more 
sites to adsorb the adsorbate molecules. Therefore, at this lower concentration, more adsorbate molecules are 
expected to be adsorbed. However, when the adsorbate amount increases, CR and MG, in our case, result in a 
small number of free active sites on the adsorbent surface, which is believed to decrease the removal efficiency of 
our adsorbent CuO NPs56. The result of this parameter optimization is somewhat different for these dyes, while 
the increasing and then decreasing removal efficiency trends are similar. The difference in removal efficiency 
values for the CR and MG dyes initially occurred because of the difference in the selectivity of the adsorbent 

Fig. 2. Fourier transform infrared spectra of green-synthesized CuO NPs (A) and the leaf extract of Moringa 
stenopetala (B).
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toward them. The removal efficiency of the adsorbent is greater at each concentration for Congo red, which can 
explain the difference at the beginning of the initial concentration.

Amount of adsorbent effect
The adsorbent dose effect was also investigated as an important working parameter. For the CR dye, the amount 
of adsorbent varied from 0.01  g to 0.4  g. During this variation, the adsorption efficiency varied from 85.03 
to 99.46% when the dose increased to 0.25 g. An increase in the adsorbent amount above 0.25 g caused the 
adsorption efficiency of the CR dye to decrease. An adsorbent amount of 0.25 g was considered sufficient for 
the effective adsorption of CR to the adsorbent surface. For the MG dye case, the adsorbent amount was varied 
from 0.01 g to 0.5 g by keeping the previously optimized parameters constant. In this investigation, the removal 
efficiency increased to 0.4 g and then decreased. As shown in Figs. 0 and 7.4 g was found to be the optimum 
dose, and at this dose, 97.85% removal efficiency was achieved. This trend of increasing and then decreasing 
adsorption efficiency can be attributed to the introduction of more active sites when the dose increased to the 
equilibrium point. This can be attributed to the fact that increasing the adsorbent amount up to the optimum 
point provides more active sites for adsorption to take place. Above the optimum point, increasing the dose may 
result in the overlapping of active sites and decrease the contact between adsorbate molecules and adsorbent 
surfaces57. The removal efficiency of congo red was relatively lower than that of malachite green. The molecular 
mass of congo red is much greater than that of malachite green. This makes Congo red very colorful even at 
lower concentrations. The reality resulted in a lower removal efficiency of the adsorbent at a lower dose because 
of the colorfulness of Congo red, which requires a greater dose amount for effective adsorption. However, when 
the dose increased gradually, the removal efficiency for congo red increased even more than that for malachite 
green because of the higher relative selectivity of the adsorbent for congo red.

Optimum time investigation
To determine the sufficient time required for complete adsorption, the duration of contact between the adsorbent 
and adsorbent was varied from 10 to 100 min to investigate the equilibrium time for dye adsorption. When 
the contact time increased from 10 to 80 min, the adsorption efficiency increased from 98.36 to 99.54% and 
97.78–98.3% for CR and MG, respectively (Fig. 8). Initially, the fast increase in adsorption occurred because 

Fig. 3. Scanning electron microscope image of the synthesized CuO NPs.
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of the availability of sufficient adsorption sites. However, a further increase in contact time will increase the 
equilibrium point, and after the equilibrium point, the surface of the adsorbent will be saturated, and further 
time can result in the desorption of the adsorbed dyes58.

The results of this study under optimum conditions were also compared with those of a recent report 
on the adsorption of dyes with different adsorbent materials, as shown in Table  2. This study revealed that 
the newly prepared CuO NPs from the leaf extract of Moringa stenopetala had excellent adsorptive activity. 
Moreover, almost all the recently published reports do not include regeneration data, which is very important for 
adsorption to be considered a potential candidate for the removal and elimination of organic dyes from polluted 
environments. However, in this work, the greenly prepared CuO NPs showed excellent reusability potential, 
which makes them more useful for real-world applications.

Under these optimized conditions, the two dyes were mixed at 1:1 ratios and made into 50 mL in total. To 
accurately calculate the amount of dye in the mixture, the maximum wave length of adsorption for the mixture 
was determined, and the results are shown in Fig. 9. At the maximum wavelength of adsorption (500 nm), the 
absorbance of the mixture of dyes before and after adsorption was measured and used for the calculation of the 
adsorption efficiency. From the results of the adsorption experiments, the efficiency of the adsorbent for the 
mixture of dyes was calculated and reported to be 92.3%.”

Adsorbent regeneration experiment
The results of the adsorbent regeneration study clearly indicate that the greenly synthesized CuO NPs as effective 
adsorbents can be regenerated and used for several cycles. The regeneration experiment for both dyes is shown in 
Fig. 10. These data indicate that the adsorbent was easily regenerated four times and was still working effectively. 
The decrease in regeneration can be due to the loss of adsorbent during washing and other active site blockage 
issues during multiple uses.

Adsorption isotherm investigation
The best way to explore the adsorption mechanism and solute‒solution interaction is to investigate the adsorption 
isotherm. Two representative isotherm models (Langmuir and Freundlich) were investigated under optimum 

Fig. 4. Plot of the zero charge points of the synthesized CuO NPs.
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working parameters for this study to explain the adsorption mechanism. From the results shown in Figs. 11 
and 12 and accumulated in Table 3, it is clear that the calculated data agree well with the Langmuir adsorption 
isotherms for both adsorbents. In this regard, the assumptions of the Langmuir model, such as monolayer 
coverage of the adsorbent surface, binding energy similarity on the surface adsorbent, and equal probability of 
the adsorbate being adsorbed everywhere on active sites, become true for this study. From this isotherm model 
investigation, the single-layer coverage of the surface of the adsorbent approximates physical adsorption.

Kinetics study
Kinetics is one of the experimental parameters used to study the habitation time of the adsorbate on the 
adsorbent, the extent of adsorption, and the adsorption mechanism. In this investigation, two kinetics models, 
i.e., first- and second-order pseudokinetics, were investigated under optimum conditions to predict the 
adsorption mechanism. For this kinetic investigation, the adsorption time was varied from 20 to 100 min while 
keeping the previously optimized experimental parameters constant. The integrated and linear forms of the first- 
and second-order kinetics models are represented by Eqs. (10) and (11), respectively.

 
log (qe − qt) = logqe −

k1

2.303
 (10)

 

1

qt
=

1

k2qe2
+

1

qe
t  (11)

where qe and qt are the adsorbent’s capacity (mg/g) at equilibrium and time t, respectively, and k1 and k2 are the 
first- and second-order pseudokinetics, respectively. The values of these constants were calculated from their 
respective graphs and are shown in Table 4. Figure 13A and B show pseudo-first-order and second-order plots of 
dye adsorption on CuO NPs. This experimental investigation clearly indicates that the adsorption data of both 
dyes best fit pseudo-second-order kinetics.

Fig. 5. Effects of pH on the adsorption of congo red and malachite green.
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Conclusion
In this study, CuO NPs were successfully synthesized via a green synthesis approach. Prior to the application 
of the synthesized nanoparticles, different advanced analytical techniques, such as X-ray diffraction (XRD), 
Fourier transform infrared (FT-IR), and scanning electron microscopy (SEM), and a pH of zero point charge 
were used to characterize them. The XRD characterization confirmed that the crystalline nature and crystallite 
size were 8.33  nm. From the FT-IR data, the characteristics of Cu–O bond formation were confirmed. In 
addition, the phytochemicals found in the leaves of Moringa stenopetala were explored. The zero-point charge 
pH of the prepared CuO NPs was determined and reported to be 7. Batch adsorption experiments performed 
on the two dyes strongly confirmed that the green-synthesized CuO NPs were the best adsorbents. The results 
of this study confirmed that the efficiency of adsorption of the adsorbent is strongly dependent on different 
adsorption parameters, such as the duration of contact, amount of adsorbent, pH of the medium, and initial dye 
concentration. Under optimum conditions (adsorbent dose of 0.25 g, initial adsorbate concentration of 30 mg/L, 
contact time of 80 min, and pH of 4), the removal efficiency was 99.54% for CR. A 98.85% removal efficiency 
was also obtained for MG at the optimum adsorption parameters (adsorbent dose of 0.4 g, initial adsorbate 
concentration of 20 mg/L, contact time of 80 min, and pH of 11). In addition, the adsorbent showed 92.3% 
adsorption efficiency for the mixture of dyes. A four-cycle adsorbent regeneration study revealed that the greenly 
developed adsorbent can be recycled and used several times. Generally, CuO NPs can be considered adsorbents 
for dye adsorption when a small quantity of the adsorbent is used.

Fig. 6. Effects of initial dye concentration on the adsorption of congo red and malachite green.
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Fig. 7. Adsorbent amount effect on the removal of Congo red and malachite green.
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Material Targeted pollutant Reaction condition
Removal 
efficiency Regeneration Reference

Luffa modified with silver nanoparticles (LF/
AgNPs)

Ketoprofen and 
reactive yellow 15

pH, 5 and 2, contact time 60 and 40 min, initial 
concentration 100 and 25 mg/L, respectively and 
adsorbent dose 25 mg

97 and 99%, 
respectively No 35

Plant-derived amyloid fibril Eosin Y and congo 
red Contact time, 120 min, and 30 min, respectively 60% and 80%, 

respectively No 21

Iron oxide-commercial activated carbon 
nanocomposite Mordant violet 40 pH, 2.07, initial concentration, 100 mg/L, dose 100 mg, 

contact time, 3 h 99.92% No 59

Amino-ethyl chitosan hydrogel Methyl orange pH, 7, initial concentration 25 mg/L, dose 100 mg, 
contact time, 60 min 100% Yes 60

CuO NPs synthesized by flame pyrolysis Congo red Initial concentration 17 mg/L, 99.9% No 61

CuO NPs synthesized by leaf extract of 
Eucalyptus Globoulus Methyl orange pH, 6, initial concentration, 45 mg/L, dose 45 mg 92.2 mg/g No 62

CuO NPs synthesized by leaf extract of Moringa 
stenopatalla

Congo red and 
malachite green

pH, 4 and 11, initial concentration, 30 and 20 mg/L, dose 
0.25 and 0.4 g, respectively and contact time, 80 min.

99.54 and 
98.33%, 
respectively

Yes This work

Table 2. Comparison of the adsorption efficiency and adsorbent regeneration of newly prepared CuO NPs 
with those reported in the literature.

 

Fig. 8. Contact time effect on the removal of congo red and malachite green.
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Fig. 9. Maximum wavelength of adsorption for the mixture of congo red and malachite green.
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Fig. 10. Regeneration cycles.
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Fig. 11. Langmuir adsorption isotherm plot.
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Dyes

Constants of Langmuir model
Constants of Freundlich 
model

qmax(mg/g) RL b(L/mg) R2 Kf(1/mg) N R2

Congo red 12.0627 0.041324 0.7733 0.99571 1.1853 0.84236 0.99133

Malachite Green 1.95083 0.05353 0.8839 0.9226 1.488863 2.0054 0.88763

Table 3. Summary of the calculated constants for the Langmuir and Freundlich isotherms.

 

Fig. 12. Freundlich adsorption isotherm plot.
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Model types Selected dyes

Calculated constant parameters

qe, exp.(mg/g) qe, cal.(mg/g) K R2

Pseudo-first order
Congo red 5.964 0.031908 0.01917 0.72215

Malachite Green 2.4200 5.618979 0.000054 0.3528

Pseudo-Second order Congo red 5.964 5.986 0.8084 1

Malachite Green 2.4200 2.4778 0.9126 0.99962

Table 4. Correlation coefficients and constant parameters calculated for the kinetic models.

 

Fig. 13. Graph of the pseudo-first-order (A) and pseudo-second-order (B) kinetic models.
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