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A B S T R A C T   

Fabrication of CuO nanoparticles (NPs), popular nanostructures, through green synthesis using plant extracts, 
offers distinct advantages, fostering their broad application. In this study, CuO NPs were synthesized utilizing 
walnut green husk aqueous extract, and their production was optimized by investigating the impact of three 
factors: extract volume, copper acetate concentration, and reaction time, employing response surface method
ology (RSM) with a face-centered central composite design (CCD). A statistically significant and adequate linear 
model (p-value <0.0001, R2: 0.98) effectively described the influence of these factors on the CuO NPs produc
tion, with the extract volume exerting the highest impact, followed by copper acetate concentration, and reaction 
time demonstrating the least impact. The NPs, produced under conditions of 1 mM salt concentration and 1 mL 
extract per 10 mL reaction over 1 h, were characterized. Field Emission Scanning Electron Microscopy (FESEM) 
and Ultraviolet–Visible (UV–vis) spectroscopy revealed nearly spherical NPs with an average size of 54.03 nm 
and a surface plasmon resonance (SPR) peak at 194 nm. Energy Dispersive X-ray (EDX) analysis and Fourier- 
Transform Infrared (FTIR) spectroscopy confirmed the elemental composition and the presence of extract bio
molecules in the NP coating. The fabricated NPs exhibited an amorphous and monodisperse nature, with an 
average hydrodynamic diameter of 82.61 nm.   

1. Introduction 

In recent years, metal oxide nanoparticles (NPs), key structures in 
nanotechnology, have garnered significant attention owing to their su
perior physical, chemical, mechanical, and biological properties 
compared to their bulk counterparts. Copper oxide (CuO) NPs stand out 
in research and industry because of their abundance, low cost, minimal 
toxicity, and antimicrobial properties [1–4]. 

Despite various physical and chemical methods being employed to 
synthesize CuO NPs, they pose significant challenges such as the use of 
hazardous chemicals, high energy consumption, generation of toxic 
waste, high costs, and the need for specialized equipment. These issues 
are impractical for large-scale applications, particularly in sectors like 
pharmaceuticals, food, cosmetics, and the environment. A promising 
alternative is the green synthesis of CuO NPs which addresses these 
problems [5–10]. This eco-friendly approach utilizes natural resources 
like plant extracts, bacteria, fungi, enzymes, and algae. Plants, in 
particular, stand out due to their lack of special storage requirements, 
and abundant biomass. They contain phytoconstituents that play crucial 

roles in capping and stabilizing, as well as nucleation and growth of the 
metallic NPs [7,11–15]. Different parts of various plants, including 
Eucalyptus globulus leaves [16], Malva sylvestris leaves [2], Lantana 
camara flowers [17], Calotropis procera leaves [18], Cymbopogon citratus 
leaves [19], flower petals, stems, barks, and leaves of Couroupita guia
nensis Aubl [11], Punica granatum L. peels [20], aloe-vera leaves [21], 
papaya (Carica papaya L.) peels [7], Ocimum tenuiflorum leaves [22], 
Capsicum frutescens leaves [23], Mimosa pudica leaves [24], and Moringa 
oleifera leaves [25] have been employed for biosynthesizing CuO NPs. 
The walnut, Juglans regia L., is widely cultivated in the Asia, as well as in 
Europe and the eastern and southern United States. Its green husk, an 
abundant agricultural waste from walnut cultivation, is a valuable 
source of active phytochemicals, including tannins, naphthoquinones, 
tetralones, hydroxybenzoic acids, hydroxycinnamic acids, flavonoids, 
diarylheptanoids, ceramides, and triterpenoids [26,27], making it an 
excellent choice for the green synthesis of CuO NPs [28]. 

Some studies have optimized the biosynthesis of metallic NPs using 
response surface methodology (RSM) [29–31]. RSM is a convenient, 
efficient, and cost-effective approach widely used for optimizing various 

* Corresponding authors. 
E-mail addresses: f.hosseini@alzahra.ac.ir (F. Hosseini), pghadam@alzahra.ac.ir (P. Ghadam).  

Contents lists available at ScienceDirect 

Journal of Molecular Structure 

journal homepage: www.elsevier.com/locate/molstr 

https://doi.org/10.1016/j.molstruc.2024.139077 
Received 11 April 2024; Received in revised form 15 June 2024; Accepted 19 June 2024   

Journal of Molecular Structure 1316 (2024 ) 139077 

Available online 20 June 2024 
0022-2860/© 2024 Published by Elsevier B.V. 

mailto:f.hosseini@alzahra.ac.ir
mailto:pghadam@alzahra.ac.ir
www.sciencedirect.com/science/journal/00222860
https://www.elsevier.com/locate/molstr
https://doi.org/10.1016/j.molstruc.2024.139077
https://doi.org/10.1016/j.molstruc.2024.139077
https://doi.org/10.1016/j.molstruc.2024.139077
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2024.139077&domain=pdf


factors with limited experimentation. It allows experimenters to predict 
the second-order impact of parameters [16,32]. Its name originates from 
its visual representation, wherein a response is visualized as a surface 
influenced by independent factors [33]. RSM encompasses a suite of 
mathematical and statistical techniques centered around fitting a poly
nomial equation to experimental data for making statistical forecasts. 
Key RSM designs include the central composite, Box-Behnken, and 
Doehlert designs [34]. 

The central composite design (CCD) stands out as one of the most 
commonly utilized second-order designs for analyzing processes 
involving two or more factors. It comprises three main stages: a two- 
level full or fractional factorial design, a center point, and a star 
design. In CCD, factors are evaluated at five levels (-α, − 1, 0, +1, and 
+α), unless α (axial distance) equals 1. The required number of experi
ments is calculated using the formula N = 2k + 2k + Cp, where k and Cp 
denote the number of factors and center points, respectively. CCD offers 
flexibility in selecting α and Cp [34,35]. The Box-Behnken design (BBD) 
is a method for modeling processes involving three or more factors 
across three levels (− 1, 0, +1) using a balanced incomplete block design. 
In a scenario with three variables, BBD organizes factors into three 
blocks, each containing two variables employing a 22 factorial design, 
while the third variable remains at level zero, supplemented by center 
points. The formula N = 2k (k - 1) + Cp is used to determine the number 
of experiments, with k and Cp defined similarly to those in CCD. 
Importantly, this design lacks points located at the corners of the design 
cube, where all factors are simultaneously at their highest or lowest 
(extreme) levels. Nevertheless, BBD offers cost-effectiveness and effi
ciency, making it particularly valuable for industrial applications [33, 
34]. In the Doehlert design, factors can vary in the number of levels they 
possess. This flexibility is particularly important when factors encounter 
constraints like instrumentation or cost, or when they need to be studied 
across various levels. In such instances, the Doehlert design surpasses 
CCD and BBD. The number of experiments in the Doehlert design is 
determined by the equation N = k2 + k + Cp, where k and Cp are defined 
as previously mentioned [34]. 

While the aqueous extract of walnut green husk has been previously 
utilized for CuO NPs fabrication [28], this study employed a modified 
protocol for the biosynthesis. This research aimed to optimize produc
tion of CuO NPs by investigating the impact of three variables: extract 
volume, copper acetate concentration, and reaction time, using RSM 
within a face-centered CCD. The produced NPs by 1 mM salt solution 
and extract volume of 1 mL per 10 mL reaction during 1-h incubation 
were characterized using Ultraviolet–Visible (UV–vis) spectroscopy, 
Field Emission Scanning Electron Microscopy (FESEM), 
Fourier-Transform Infrared (FTIR) spectroscopy, X-ray diffraction (XRD) 
analysis, Energy Dispersive X-ray (EDX) spectroscopy, and Dynamic 
Light Scattering (DLS) techniques. 

2. Materials and methods 

2.1. Design of experiments 

To create the experimental data matrix and investigate the effects of 
independent variables on CuO NP extinction, a three-level CCD with 6 
center points and 20 runs was utilized through Design Expert software 
version 12 (Stat Ease, USA). The face-centered CCD (α=1) was chosen 
because using a different α value resulted in non-rounded and unat
tainable values for some factor levels. While the BBD is an efficient 
three-level design, the CCD is more precise because it incorporates axial 
points. This study focused on three factors—extract volume (0.1-4 mL 
per 10 mL reaction), copper acetate concentration (0.5-1 mM), and re
action time (1-8 h). All experiments were conducted in triplicate, and 
the results are presented as means. Before applying the RSM, pre
liminary investigations and existing literature were used to evaluate the 
effects of the factors on CuO NP production and to approximate their 
ranges. 

2.2. Biosynthesis of CuO NPs 

The J. regia green husk, sourced from Shahriar gardens 
(35.659066◦N, 51.059527◦E), underwent thorough washing with tap 
and distilled water, drying in the shadow, grinding, and sieving. Sub
sequently, 0.4 g of husk powder was combined with 14.5 mL boiling 
distilled water in a screw cap bottle, heated in a boiling water bath for 10 
min, cooled, filtered, and then centrifuged at 10,800 g for 50 min to 
isolate residual husk materials. The resulting supernatant served as the 
extract for CuO NPs synthesis. 

For biosynthesis, 1 mL of extract per 10 mL reaction, combined with 
copper (II) acetate (Ghatran Shimi, Iran) at a final concentration of 1 
mM, was incubated for 1 h under ambient conditions and in the dark. 
Successful CuO NPs biosynthesis was confirmed by observing color 
changes. The resulting mixture underwent centrifugation at 6500 g for 
30 min to separate the CuO NPs. Afterward, the NPs were washed three 
times using the same conditions. The final washing occurred in a pre- 
weighted vial, followed by drying the pellet in a heat block at 70 ◦C. 
Subsequently, the dried precipitate underwent sonication in distilled 
water for 9 cycles (15 min on, 5 min off) using an Ultrasonic bath son
icator (Elmasonic S 30 H, Germany) to obtain a colloid, with water 
quantity adjusted for the desired concentration. 

The RSM experiments were conducted without separating and 
washing the NPs, and responses were obtained by subtracting the ex
tinctions of extract and salt controls from those of the samples. However, 
for the characterization of the produced NPs, separation, washing, and 
subsequent steps were also performed. 

2.3. Characterization of the phyto‑fabricated NPs 

UV–vis spectroscopy, covering a range from 190 to 800 nm, was 
employed using a double-beam UV-visible spectrophotometer (Shi
madzu UV-1800, Japan) to assess optical properties. FESEM (MIRA3, 
TESCAN, Czech Republic) at 20 kV and EDX spectroscopy (Oxford In
struments, UK) were used to scrutinize morphology, particle size, and 
elemental composition, with the NPs size histogram generated using 
ImageJ software. Additionally, XRD spectrum (2θ◦ range: 0◦ to 90◦) 
were obtained using a Cu anode (λ = 1.54,187 Å) in an EQUINOX 3000 
X-ray diffractometer (Inel, France), operating at approximately 40 kV 
and 30 mA, with a step size of 0.03. The data were analyzed with X’Pert 
HighScore Plus software (Malvern Panalytical, Netherlands) for crys
tallographic parameters. FTIR spectroscopy (Tensor 27, Bruker, US) 
spanning 400–4000 cm− 1 identified compounds involved in NP capping. 
For hydrodynamic characteristics, DLS analysis (VASCO2, Cordouan 
Technologies, France) was performed using a wavelength of 657 nm and 
10 µs time intervals at a scattering angle of 135̊ to determine the mean 
diameter and size distribution. 

3. Results and discussion 

3.1. Preliminary investigations to determine the range of factor levels 

Abbasi et al. investigated the effect of walnut green husk extract on 
silver NP production and observed that increasing the extract from 30 µL 
to 150 µL in a 10 mL reaction enhanced NP extinction [27]. We explored 
the impact of increasing the extract from 150 µL to 1 mL in a 10 mL 
reaction on CuO NP production over 1 h, with a final salt concentration 
of 1 mM, revealing that higher extract volumes led to increased NP 
production. Consequently, to formulate a model describing NP pro
duction, we set the upper and lower limits at 4 mL and 0.1 mL of extract, 
respectively. Furthermore, initial analyses to assess the effect of time on 
NP production using an extract volume of 300 µL per 10 mL reaction and 
a final salt concentration of 1 mM indicated that increasing the duration 
similarly augmented production. The majority of production occurred 
within the first h, with minimal changes observed after 6 h. Priya et al. 
employed a salt concentration range of 0.5–1.5 mM to optimize CuO NP 
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production using Aerva lanata extract [31]. In our preliminary experi
ments, using a concentration above 1 mM salt resulted in a black pre
cipitate at the bottom of the reaction vessel. Therefore, we opted for a 
salt concentration range of 0.5-1 mM. 

3.2. Design of experiments and optimization 

Previous studies on the biosynthesis of CuO and other metallic NPs 
using plant extracts have confirmed that various factors, such as the 
concentrations of the metallic precursor and plant extract, pH, temper
ature, reaction time, and stirring speed, can influence the production of 
these nanoparticles [30,31,36–38]. We aimed to align with the princi
ples of green chemistry [39] when selecting factors. Consequently, we 
preferred our reaction to occur under ambient conditions, without pH 
adjustment or extra energy, and without additional equipment. There
fore, our selected factors encompassed the extract volume, copper ace
tate concentration, and reaction time. 

Table 1 compiles the CCD-projected experiments and their corre
sponding responses for the green synthesis of CuO NPs. The generated 
equation in terms of actual factors is presented here: 

Extinction = − 0.070394 + 0.086800 × Copper acetate concentration

+ 0.063436 × Extract volume + 0.003000

× Reaction time 

The analysis of variance (ANOVA) and regression results highlight 
the statistical significance and adequacy of the linear model. As showed 
in the ANOVA table (Table 2), the model’s p-value (<0.0001) and the 
non-significant lack of fit indicate its significance. A regression corre
lation efficiency (R2) of 0.98 signifies model acceptance. Furthermore, 
the adjusted R2 (0.976) closely aligns with the predicted R2 (0.969), 
with a difference of less than 0.2. A comparison of experimental and 
predicted extinction values reveals alignment in a diagonal line, con
firming the model’s accuracy (Fig. 1). 

3D surface and contour plots (Fig. 2a-2c) illustrate the effects of 
variables on the response. As interpreted form the charts, increasing 
parameters enhances the NP production, with extract volume strongly 
influencing extinction, copper acetate concentration having a moderate 
effect, and reaction time the least. Additionally, the result is inferred 
from the slopes of the lines corresponding to the factors depicted in the 
perturbation graph (Fig. 2d). 

As suggested by numerical optimization, the optimal conditions for 

maximum NP production were achieved when all three factors were at 
their maximum level, resulting in a desirability of 95 %. When the 
optimization criteria included the in-range values for copper acetate 
concentration and extract volume, minimizing reaction time, and 
maximizing the response, the desirability was 94 %. A reduction in time 
from 8 to 1 h proves advantageous, particularly for the CuO NPs pro
duction in large-scale. 

The CuO NPs were produced under optimum conditions (4 mL of 
extract per 10 mL of reaction, salt concentration of 1 mM, and 1-h in
cubation) for characterization. However, after the separation step via 
centrifugation, a slight precipitate was observed in the extract control. 
The maximum volume of extract in the reaction, with no precipitate 
observed in its corresponding extract control after centrifugation, was 1 
mL per 10 mL of reaction. Therefore, the model prediction for the test, 
which includes 1 mM salt concentration, 1 mL of extract per 10 mL of 
reaction, and 1 h of incubation, was experimentally validated, and the 
response was found to be 0.091. The empirical value closely matched the 
predicted value (Table 3) and the produced NPs in this experiment were 
subsequently characterized. 

Priya et al. optimized the production of CuO NPs synthesized with 
Aerva lanata leaf extract through BBD-RSM by investigating the effects of 
variables, including the concentration of copper acetate, time, and 
temperature, resulting in a second-order model. Interaction between salt 
concentration and time indicated maximum absorbance at values higher 
than the mid-level of copper acetate concentration and values close to 
the mid-level of time [31]. In another study, the synthesis of MnO NPs 
utilizing Dittrichia graveolens (L.) extract underwent optimization 
through CCD-RSM, evaluating factors including pH, time, and the 
extract-to-metal ratio. The linear model indicated that the 
extract-to-metal ratio was the only effective parameter. Elevating the 
extract concentration led to increased synthesis of MnO NPs, while pH 
and time showed no significant impact on the response (absorbance) 
[40]. Bonilla et al. synthesized Au NPs using aqueous extract of Coffea 
arabica L. pulp and analyzed the impact of parameters including metal 
precursor concentration (x1), extract concentration (x2), and reaction 
time (x3) on the maximum absorbance of the NPs via BBD-RSM. The 
resulting model revealed significant effects for terms x1, x3, and x1

2 

(p-value < 0.05). However, x2, all factor interactions terms, and 
quadratic terms of x2 and x3 were found to be non-significant. Their 
investigation highlighted that metal precursor concentration exhibited 
the most substantial influence on Au NPs production [41]. 

In summary, the production of metallic NPs using plant extracts has 
been described by different models depending on the type of metal 
precursor, source of extract, synthesis method, variables, and other fixed 
factors. Parameters comprising concentrations of metal precursor and 
extract, and time, have indicated either significant or non-significant 
effects on metallic NPs production. 

Table 1 
Matrix of experiments and their corresponding responses.  

Run Factor 1 Factor 2 Factor 3 Response 
A: Copper acetate 
concentration (mM) 

B: Extract 
volume (mL) 

C: Reaction 
time (h) 

Extinction 

1 0.5 0.1 1 0 
2 0.75 2.05 1 0.118 
3 1 4 8 0.31 
4 1 0.1 8 0.049 
5 0.75 2.05 4.5 0.143 
6 0.5 0.1 8 0 
7 0.75 2.05 4.5 0.128 
8 0.75 2.05 4.5 0.156 
9 0.75 2.05 4.5 0.153 
10 1 4 1 0.27 
11 1 2.05 4.5 0.127 
12 0.75 2.05 8 0.142 
13 0.5 4 1 0.222 
14 0.5 4 8 0.25 
15 0.75 4 4.5 0.27 
16 0.75 2.05 4.5 0.144 
17 0.75 0.1 4.5 0 
18 0.75 2.05 4.5 0.144 
19 0.5 2.05 4.5 0.103 
20 1 0.1 1 0.036  

Table 2 
ANOVA for the CuO NPs biosynthesis model.  

Source Sum of 
Squares 

df Mean 
Square 

F- 
value 

p- 
value  

Model 0.1588 3 0.0529 267.43 <

0.0001 
significant 

A- Copper 
acetate 
concentration 

0.0047 1 0.0047 23.79 0.0002  

B- Extract 
volume 

0.1530 1 0.1530 772.95 <

0.0001  
C- Reaction 

time 
0.0011 1 0.0011 5.57 0.0313  

Residual 0.0032 16 0.0002    
Lack of Fit 0.0027 11 0.0002 2.55 0.1559 not 

significant 
Pure Error 0.0005 5 0.0001    
Cor Total 0.1620 19      
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3.3. Biosynthesis and characterization of the NP 

The NP was produced under optimized conditions without any 
practical limitations, involving an extract volume of 1 mL per 10 mL of 
reaction, a salt concentration of 1 mM, and a 1-h incubation period. 
Previous studies utilizing plant extracts have reported color change as an 
initial indication of CuO NPs formation [19,28,31]. Similarly, in this 
study, the color change from light brown to dark brown confirmed the 
successful synthesis of the CuO NPs (Fig. 3). The produced NPs were 
characterized after separation and purification. 

The colloidal mixture of NPs (1 mg/mL), obtained through sonicat
ion (Fig. 4a), underwent UV–vis spectroscopy within the range of 190- 
800 nm, with the spectrum depicted in Fig. 4b. The distinct and nar
row surface plasmon resonance (SPR) peak of the CuO NPs at 194 nm 
closely resembled those reported by Ayadi Hassan et al. (212 nm), 
Alishah et al. (around 215 nm), and Sivaraj et al. (around 220 nm), 
confirming CuO NPs formation [1,28,42]. The SPR peak of the NPs 
produced using the optimized method exhibited a blue shift compared to 
that of the unoptimized counterpart produced by Ayadi Hassan et al. 
[28]. This shift may be attributed to either larger size or aggregation of 
the unoptimized NPs, or perhaps to changes in the NP coating [2,9,43]. 
In this study, changes were made to the extract preparation procedure, 
potentially resulting in different amounts of biomolecules in the NP 
coating, which could explain the observed shift. Absorption on the 
long-wavelength side of the spectrum can indicate nanoparticle 
agglomeration [44]. The absorption of CuO NPs in this region was very 
low and can therefore be disregarded. Thus, any agglomeration, if pre
sent, was minimal and did not result in suspension formation. 

To assess the morphological properties of the synthesized CuO NPs, 
FESEM was employed. As displayed in Fig. 5a, the NPs exhibited a nearly 
spherical shape, consistent with previous findings [28]. Additionally, 
the particle size distribution analysis revealed an average NP size of 
54.03 nm (Fig. 5b). The NPs synthesized in this study were larger than 
the unoptimized NPs produced by Ayadi Hassan et al. using 150 µL of 
extract per 10 mL reaction [28]. The increase in extract volume can have 
varying effects on particle size. High concentrations of extract in reac
tion may lead to increase biomolecules capping of the NPs, resulting in a 

decrease in particle size. Alternatively, biomolecules can accelerate 
nucleation and growth of the NPs, leading to the production of larger 
particles at high extract concentrations [44]. As the results demon
strated, with higher extract volume in the optimized protocol, the role of 
the extract in accelerating nucleation and growth was dominant, 
resulting in larger particles compared to unoptimized NPs. The clus
tering of NPs evident in Fig. 5a may be attributed to sample preparation 
(drying) before FESEM analysis, which resulted in either NPs adhering 
to each other [45] or stacking. FESEM measures NP diameter in a dry 
state, while DLS assesses it in solution. Therefore, FESEM records a 
diameter equal to or smaller than DLS [45]. When NPs are described as 
being 1-100 nm, it denotes their diameter in the dry state [46–48], 
rather than their size in solution. Table 4 summarizes various studies 
that have synthesized CuO NPs of different sizes and shapes using bio
logical sources. 

EDX analysis was conducted to determine the elemental composition 
of the optimized NPs. The EDX spectrum (Fig. 6) confirmed the presence 
of elemental copper and oxygen, along with carbon, with weight per
centages of 13.4 %, 32.9 %, and 53.7 %, respectively. The prominent 
signals of Cu and O elements in the sample underscored the high quality 
and purity of the green-synthesized CuO NPs. Furthermore, the signifi
cant weight percentage of carbon can be attributed to the biomolecules 
from the extract involved in CuO NPs formation. In the EDX analysis of 
unoptimized CuO NPs [28], additional elements such as Ca, Mg, Na, K, 
and Cl have been detected in the sample, accounting for a significant 
percentage. These differences between the EDX spectra of optimized and 
unoptimized NPs may stem from variations in extract preparation, the 
number of washes, and relative centrifugal force (RCF) during washing 
steps. 

As illustrated in the distribution histogram depicting the hydrody
namic diameter of the optimized CuO NPs (Fig. 7), the particles 
exhibited an average hydrodynamic diameter of 82.61 nm. The poly
dispersity index (PI), serving as a metric for the sample’s heterogeneity 
[48], was 0.0037, indicating a monodisperse sample. In contrast, the 
unoptimized NPs [28] showed a moderate monodispersity (PI= 0.23). 
The optimized monodisperse CuO NPs hold promise for use in biological 
contexts. DLS analysis of CuO NPs produced by the solution plasma 

Fig. 1. Predicted versus actual plot of CuO NPs extinction.  
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method revealed a size range from 25 to 160 nm, with a prominent peak 
at approximately 110 nm [3]. DLS is a popular, simple, and 
calibration-free technique for sizing the hydrodynamic diameter of NPs 
with minimal sample preparation. However, it is easily skewed by larger 

particles or dust and works best with homogeneous samples at optimal 
concentrations. Nanoparticle tracking analysis also measures hydrody
namic diameter, but like DLS, it can be biased by larger particles in 
polydisperse samples, affecting the average size. Resistive pulse sensing 

Fig. 2. 3D surface (a), contour (b and c), and perturbation (d) plots of CuO NPs extinction. In plots 2a-2c, the third factor, which isn’t shown, was set at its 
middle level. 

Table 3 
Validation of the model through point prediction.  

Factor Name Level Low Level High Level Std. Dev. Coding  

A Copper acetate concentration 1.0000 0.5000 1.0000 0.0000 Actual  
B Extract volume 1.0000 0.1000 4.00 0.0000 Actual  
C Reaction time 1.0000 1.0000 8.00 0.0000 Actual   

Response Predicted Mean SE Mean 95 % CI low for Mean 95 % CI high for Mean SE Pred 95 % PI low 95 % PI high 

Extinction 0.0828423 0.00743177 0.0670877 0.098597 0.0159122 0.04911 0.116575 

SE, Standard Error; CI, Confidence Interval; PI, Prediction Interval. 
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method measures hydrodynamic diameter through changes in ionic re
sistivity as particles pass through a pore. It requires calibration and is 
unsuitable for particles smaller than 50 nm, favoring larger particles and 
truncating smaller size distributions. These methods are best for 
monodisperse samples like our optimized CuO NP. For polydisperse 
samples, they tend to skew results toward larger particles. Size separa
tion techniques like field flow fractionation and capillary electropho
resis are recommended for highly polydisperse samples [48]. 

As shown in the XRD spectrum (Fig. 8), the biosynthesized CuO NPs 
exhibited an amorphous structure, similar to the unoptimized NPs [28]. 
However, small diffraction peaks were observed at 2θ values of 32.2̊ and 
35.2̊, corresponding to the (110) and (002/− 111) planes of copper 
oxide, respectively, confirming the successful biosynthesis of CuO NPs 
[5,17]. The additional peaks, as well as the shoulder between 20◦ to 30◦

of 2θ values in the XRD pattern, may be attributed to organic compounds 
present in the plant extract [30,55]. Previous studies have reported the 
synthesis of amorphous iron NPs through green synthesis utilizing leaf 
extracts from Pinus eldarica [55] and Urtica dioica [56]. Similarly, 
biosynthesis using extracts from Fraxinus excelsior leaves [57], Echinops 
sp. roots [58], Sargassum cervicorne [59], and Psidium guajava leaves 
[60] has resulted in the formation of amorphous Cu NPs. 

Fig. 3. Color change indicating the formation of CuO NPs. Controls of salt (a) 
and extract (b); and sample containing CuO NPs (c). 

Fig. 4. CuO NPs produced through the optimized method. The NP after sonication (a) and its UV–vis spectrum (b).  

Fig. 5. FESEM image (a) and particle size distribution histogram (b) of CuO NPs produced under optimized conditions.  
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FTIR spectroscopy was utilized to identify the extract components 
present in the cap of the synthesized NPs, with the results depicted in 
Fig. 9. The absorption peaks at 469.7 and 675.45 cm− 1 corresponded to 
Cu-O vibrations, confirming the synthesis of CuO NPs. Peaks observed at 

808.45 and 1632.68 cm− 1 were associated with alkenes C = C bending, 
and alkenes and cyclic alkenes C = C stretching, respectively. Addi
tionally, peaks positioned at 1084.50, 1384.46, and 3429.60 cm− 1 could 
be attributed to primary alcohols C–O stretching and amines C–N 
stretching, alcohols and phenols O–H bending and aldehydes and al
kenes C–H bending, and alcohols O–H stretching, respectively. Ac
cording to the literature, J. regia green husk extract contains phenolic, 
alcoholic, and aromatic compounds, as well as alkenes [26,61]. These 
biomolecules play essential roles in capping, stabilizing, nucleation, and 
growth of the green-synthesized CuO NPs. The number of absorption 
peaks observed in the spectrum of the optimized NPs was fewer, but they 
were sharper compared to those of the unoptimized NPs produced by 
Ayadi Hassan et al. [28]. This difference may be attributed to our 
different procedure for extract preparation, resulting in the removal of 
some extract components. 

Compared to some studies that have used biological sources or other 
methods for CuO NP synthesis involving stirring, high-temperature in
cubation, etc., we successfully obtained NPs of appropriate size, high 
dispersity, and purity under ambient conditions. This was achieved 
without requiring light, stirring, pH adjustment, or incubator, aligning 
our approach more closely with the principles of green chemistry. The 
green-mediated and optimized NPs, with their specified properties, hold 
promising applications, particularly in biomedicine. They can also be 
valuable in agriculture (as pesticides, fertilizers, and agents for disease 
resistance), catalysis, food packaging, energy storage, and nano-sensors 
[12,23,62,63]. Additionally, their high dispersion facilitates straight
forward post-synthesis modification, enhancing their versatility and 
applicability [64]. It is also worth mentioning that utilizing abundant, 
inexpensive, and readily available plant sources facilitates scaling up NP 

Table 4 
CuO NPs synthesized using biological sources.  

Biological Precursor Shape of NPs Size of NPs References 

Cell-free supernatant of 
Aeromonas hydrophila 
culture 

Spherical Around 100 
nm 

[36] 

Carica papaya peel extract Spherical 85–140 nm [7] 
Aloe-vera leaf extract Capsule and 

spherical fluffy 
5–20 nm [21] 

Capsicum frutescens leaf 
extract 

Spherical and 
rectangular-rod 

20 to 40 nm [23] 

Extract of a mixture of 
Couroupita Guianensis 
leaves, stems, petals, and 
barks 

Approximately 
spherical 

1.3–188 nm [11] 

Moringa oleifera leaves 
extracts 

Spherical Mainly 
around 
80–100 nm 

[25] 

Prunus dulcis gum Spherical 16–25 nm [49] 
Dovyalis caffra leaf extract Spherical 30–50 nm [50] 
Padina boergesenii extract Tetragonal 

crystalline 
structure 

76 nm [51] 

Citrullus colocynthis seed oil Rod-like and 
agglomerate 

80–85 nm [52] 

Vitex negundo Spherical 100 nm [53] 
Carica papaya leaf extract Spherical 100 nm [54]  

Fig. 6. EDX spectrum of CuO NPs synthesized via the optimized method.  

Fig. 7. Distribution of hydrodynamic diameters for the optimized CuO NPs.  
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production [62]. 

4. Conclusion 

The CCD-RSM, a widely used and effective statistical approach, was 
employed to determine the optimal conditions for maximizing CuO NPs 
extinction. According to the resulting model, all three variables signif
icantly affected NPs production, with extract volume exerting the 
highest influence, followed by copper acetate concentration, and reac
tion time having the least effect. Notably, reducing the production time 
from 8 to 1 h, a key result of this optimization, proves especially bene
ficial for large-scale NPs synthesis. Due to operational constraints 
related to extract usage, the model was validated for an experiment 
comprising 1 mM copper acetate concentration, 1 mL of extract per 10 
mL of reaction, and 1 h. The amorphous and relatively spherical NPs 
produced under these conditions had an average size of 54.03 nm and 
exhibited high dispersity and purity. These characteristics make the 
optimized NPs suitable candidates for use in various fields, especially in 
biomedicine. 
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