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ABSTRACT

This study presents a green synthesis method for copper nanoparticles (CuNPs) using lime extract
(LE) as a reducing agent. The optimisation process was conducted through single-factor experiments
and response surface methodology (RSM) with a Box-Behnken design, identifying the optimal
conditions: temperature of 50.77 °C, pH 7.68, LE/H,O ratio of 1.45, Cu*'concentration of 3.0 mM,
Polyvinyl alcohol (PVA) concentration of 0.6 g/L, and reaction time of 90 minutes. TEM images
revealed that the synthesized CuNPs exhibited a uniform cubic morphology. The particle size
determined by dynamic light scattering (DLS) was 21.432 nm, while the crystallite size calculated from
X-ray diffraction (XRD) was 21.276 nm. XRD analysis confirmed a face-centered cubic (FCC) crystal
structure, consistent with the TEM images and the standard copper reference (JCPDS Card No. 04-
0836). The difference in particle sizes measured by DLS and XRD arises from their distinct
measurement principles: XRD determines crystallite size, while DLS measures hydrodynamic size.
With significantly small particle sizes, the synthesized CulNPs exhibit superior physicochemical
properties, offering promising applications in electronics, biomedicine, and agriculture.

Keywords: Copper nanoparticles, green synthesis, lime extract, response surface methodology (RSM),
Box-Behnken model.

1. INTRODUCTION

Nanotechnology has garnered significant attention in recent decades due to its extensive
applications, particularly in metallic nanomaterials. Copper nanoparticles (CuNPs) are notable for their
high electrical and thermal conductivity, vigorous catalytic activity, and outstanding antibacterial and
antifungal properties. These properties make them promising materials in electronics, biomedicine, and
agriculture, including conductive inks, antibacterial coatings, and crop protection agents [1-3]. Copper
nanoparticles can be synthesized using physical, chemical, and biological (green) methods, each
offering distinct advantages and limitations. Physical methods, including evaporation—condensation,
laser ablation, and arc discharge, typically yield high-purity nanoparticles with well-controlled size and
morphology. However, these techniques require high energy consumption and sophisticated equipment,
making them less economically viable for large-scale production [4—6]. In contrast, chemical synthesis
methods, such as metal salt reduction, polyol synthesis, and sol-gel techniques, allow better control over
nanoparticle properties [7, 8]. Although effective, these methods often use toxic reducing agents such
as sodium borohydride and hydrazine, leading to toxicity and environmental pollution risks due to
harmful by-products [9]. Given these limitations, green synthesis has emerged as a more sustainable
and environmentally friendly alternative, employing plant extracts, microorganisms, or biomolecules as
reducing and stabilizing agents. Recent studies have shown considerable interest in using plant extracts
as reducing agents in synthesising CuNPs due to their environmental friendliness and high efficiency.
Bioactive compounds in the plant extract, including polyphenols, flavonoids, tannins, alkaloids, and
organics acids, play an important role in reducing Cu?* ions into copper nanoparticles and stabilising
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them without toxic chemicals [10]. Various plant extracts have been investigated for their potential in
the green synthesis of copper nanoparticles (CuNPs). The leaf extract of Celastrus paniculatus Willd.
has been utilised as both a photocatalytic and antifungal agent in plants [11]. Extracts from garlic
(Allium sativum), enriched with sulfur-containing compounds such as allicin, have demonstrated not
only the ability to facilitate nanoparticle formation but also a significant enhancement in antibacterial
efficacy [12]. Similarly, the outer peel of onion (A/lium cepa), characterised by a high polyphenol
content, has enabled the efficient synthesis of CuNPs at ambient temperature [13]. The leaf extract of
Eclipta prostrata, known for its abundant antioxidant compounds, has been employed to synthesise
CuNPs that exhibit notable biological activities, particularly in biomedical applications [14].
Additionally, lemon (Citrus limon) fruit extract, rich in citric acid and flavonoids, has served as a potent
reducing and stabilising agent during the CuNPs formation process [1]. These findings demonstrate the
diversity of plant materials available and highlight the potential of green synthesis in producing copper
nanomaterials with desired properties and environmental benefits.

The lime tree (Citrus aurantifolia) is native to Southeast Asia and India. It is now widely grown
in many parts of the world, mainly in tropical and subtropical climates [15]. Vietnam is among the
significant lime-producing countries, with an abundant supply from provinces such as Pong Nai, Tien
Giang, Long An, and Nghe An. Lime fruits are rich in bioactive compounds such as citric acid, vitamin
C (ascorbic acid), flavonoids (e.g., hesperidin, eriocitrin), and essential oils. These compounds are
known for their strong antioxidant, reducing, and stabilizing abilities, making lime extract a promising
candidate for the green synthesis of CuNPs [16]. Among them, citric acid and flavonoids are considered
the key active components responsible for reducing Cu?" ions and stabilizing the formed nanoparticles.
Therefore, lime fruit extract not only offers a sustainable resource but also enhances the efficiency and
biocompatibility of synthesized nanoparticles.

Although extensive research has been conducted on the green synthesis of CuNPs, optimizing
reaction conditions to control particle size and morphology remains challenging. Most previous studies
have focused on single-variable experiments, whereas response surface methodology (RSM),
particularly the Box-Behnken model, enables multi-variable analysis and synthesis optimization with
minimal experiments [17, 18].

Thus, this study aims to optimize the synthesis process of CuNPs using lime (Citrus aurantifolia)
whole fruit extract through the Box-Behnken model (RSM). Key parameters, including Cu?*
concentration, extract ratio, pH, temperature, and reaction time, will be investigated to identify the three
most significant factors for optimization. The synthesized CuNPs will be characterized using TEM,
XRD, and particle size distribution analysis, providing better control over their properties for potential
applications.

2. MATERIALS AND METHODS

2.1 Materials

The chemicals used in this study include copper (II) sulfate pentahydrate (CuSO4 5H>0, 99%,
Xilong), sodium hydroxide (NaOH, 98%, Xilong), and polyvinyl alcohol (PVA, 98%, Xilong). All
chemicals were used as received without further purification.

The fresh limes (Citrus aurantifolia) used in this study were harvested from Thuan Binh, Thach
Hoa, Long An. Immediately after harvesting, the limes were transported to the laboratory and processed
to obtain the extract on the same day to ensure the preservation of bioactive compounds.

2.2. Preparation of lime extracts (LE)

The extraction of lime was performed based on the methodology reported by Mohammad and Akl,
with modifications to suit experimental conditions [1]. Fresh whole limes (including peel, pulp, and
juice) were thoroughly washed, cut into small pieces (without separating the peel), and immersed in
double-distilled water at a ratio of 1:5 (w/v). The mixture was heated at 80 °C for 10 minutes in a 250 mL
glass beaker. After the extraction, the solution was filtered using Whatman No. 41 filter paper to remove
solid residues. The clear filtrate was then stored in a sealed glass flask at 4 °C until further use in the
synthesis of copper nanoparticles (CuNPs).
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2.3. Green synthesis of CuNPs using LE

The synthesis of copper nanoparticles (CuNPs) was carried out based on the method described by
Mohammad and Akl, with modifications to optimize reaction conditions[1]. First, 100 mL of prepared
LE was mixed with PV A to create a stable dispersion medium. The pH of the solution was then adjusted
using 0.1 M NaOH solution. The mixture was heated to the designated temperature, after which a Cu?"
solution was gradually added dropwise while stirring continuously. The formation of CuNPs was
confirmed by a color change in the solution from blue to brown. After the reaction, the solution was
centrifuged at 3000 rpm for 10 minutes to collect the nanoparticles. The obtained CuNPs were then
washed with double-distilled water and ethanol to remove residual impurities, followed by drying in an
oven at 80-90 °C for 4 hours before structural and property characterization.

The investigated parameters and their respective ranges included reaction temperature (30-70 °C),
reaction time (30-150 minutes), PVA concentration (0.4-1.2 g/L), lime extract-to-water (LE/H,O)
volume ratio factor (1-3 times), pH (6-10), and Cu®>* concentration (1-5 mM).

2.4. Design of experiment

The RSM was employed to optimize the synthesis of CulNPs using lime extract. Three key factors
influencing CuNPs formation, including reaction temperature, lime extract-to-water (LE/H>O) volume
ratio, and pH, were investigated to determine the optimal synthesis conditions. These factors play a
crucial role in the green synthesis of CuNPs.

In all experiments, the total volume of the diluted solution was fixed at 100 mL, while other
parameters, such as Cu?" concentration, PVA concentration, and reaction time, were kept constant based
on preliminary single-factor experiments. The response variable was the maximum absorbance (A max)
at the characteristic wavelength (Amax) of CuNPs, measured using UV-Vis spectroscopy. A total of 15
experiments were designed following the Box-Behnken model, with three independent variables
examined at three different levels (Table 1). The specific conditions of each experiment are detailed in
Table 3.

Table 1. Coded values of independent variables

No. Independent variable Code Experimental levels
-1 0 +1
1 Temperature (°C) X1 To—10 To To +10
2 LE/H:0 Ratio (v/v) X2 Ro—-0.5 Ro Ro+0.5
3 pH X3 pHo—1 pHo pHo+1

(T, R,, pH,represent the optimum values of temperature, LE/H0 ratio, and pH, respectively, determined from the single-factor
survey results)

After conducting all 15 experiments and collecting the corresponding response data, the optimal
synthesis conditions for CuNPs were determined. Statistical analysis was performed CuNPs using
ANOVA in Minitab 16. The most suitable model was selected based on variance analysis results, and a
second-order regression equation was established to describe the relationship between independent
variables and the response. The regression coefficients were determined through experimental data
analysis, enabling the development of a quadratic regression equation following the response surface
model [19].

Y = Bo+zk:l3jxj+zi<jZBinin+Zk:Bin? M

Where Y is the predicted response, B, is the constant coefficient, f; is the linear coefficient, B is
the interaction coefficient, fjis the pure second-order or quadratic effects, x are the design factors.

2.5. Chemical composition analysis

The physicochemical properties of the lime extract, including moisture content, pH, total ash
content, total acid content (expressed as % citric acid), and ascorbic acid content (mg/100 g), were
determined using standard methods. Moisture content was measured according to AOAC Official
Method 934.06. The pH was determined with a calibrated pH meter, following AOAC Official Method
981.12. Total ash content was analysed using the TCVN 10691:2015 standard (equivalent to EN
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1135:1994). Total acid content was determined according to AOAC Official Method 942.15. Ascorbic
acid content was quantified following the ISO 6557-2 standard.

2.6. Structural and morphological characterization

UV-Vis spectroscopy

The formation and optical properties of CuNPs were monitored using a UV-Vis
spectrophotometer (JASCO V-730, Japan). The absorption spectra were recorded in the wavelength
range of 200-800 nm to determine the surface plasmon resonance (SPR) peak of CuNPs, which
indicates nanoparticle formation.

Transmission electron microscopy (TEM)

The morphological characteristics, including particle shape and size distribution, were observed
using transmission electron microscopy (TEM, FEI Tecnai G2 20 S-TWIN, USA). The sample was
prepared by depositing a drop of the CuNP dispersion onto a carbon-coated copper grid, followed by
air drying at room temperature before TEM imaging.

Particle size distribution analysis

The hydrodynamic diameter and size distribution of CuNPs were determined using dynamic light
scattering (DLS) with an SZ-100 Horiba particle size analyzer (Horiba, Japan). Measurements were
performed at room temperature, and the data were analyzed to obtain the size distribution profile.

X-ray diffraction (XRD) analysis

The crystalline structure of CuNPs was characterized using an X-ray diffractometer (SIEMENS
Rotan, Germany) with Cu Ka radiation operated at 40 kV and 30 mA. The diffraction patterns were
recorded in the 26 range of 10°-90° to confirm the phase composition and crystallinity of the
synthesized CuNPs. The crystallite size of the CuNPs was estimated using the Scherrer equation:

KA
D= 2)
Bcosh
where D is the crystallite size (nm), K is the Scherrer constant (typically 0.9), A is the X-ray
wavelength (1.5406 A), B is the full width at half maximum (FWHM) of the most intense diffraction
peak (in radians), and 6 is the Bragg angle (in radians) [12].

3. RESULTS AND DISCUSSION

3.1. LE composition

The analysis results of lime extract composition (Table 2) show that the physicochemical
parameters are consistent with previous studies. Still, some differences exist due to lime variety,
cultivation conditions, and extraction methods. The citric acid content is 6.49%, consistent with the
report by Ksigzek, contributing to sensory characteristics and industrial applications [20]. Notably, citric
acid acts as a dispersing agent, improving the stability of copper nanoparticles by forming stable
complexes with metal ions [21]. The ascorbic acid content is 30.03 mg/100g, lower than the study by
Herbig and Renard, possibly due to storage conditions or extraction methods [22]. Ascorbic acid is a
potent reducing agent that reduces Cu?" ions during the green synthesis of copper nanoparticles [23].
Overall, LE has a high moisture content and is rich in citric and ascorbic acids, making it suitable for
nanomaterial synthesis, food, and pharmaceutical applications.

Table 2. Analysis results of LE composition

No. Analysis criteria Value
1 Moisture content (%) 85.14 +0.17
2 pH 2.15+0.02
3 Total ash content (%) 0.54 £0.04
4 Total acid content (% citric acid) 6.49 £ 0.03
5 Ascorbic acid content (mg/100g) 30.03 +2.56
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3.2. Preliminary investigation of factors affecting the synthesis of CulNPs
3.2.1. Formation of CuNPs

The successful synthesis of copper nanoparticles (CuNPs) is demonstrated in Figure 1. The UV—
Vis absorption spectrum (Figure 1A) of the CuNPs containing solution shows two characteristic peaks
at 256 nm and 564 nm. The peak at 564 nm is attributed to the surface plasmon resonance (SPR) of
metallic copper (Cu®) nanoparticles, indicating that the reduction process and formation of CuNPs have
occurred successfully. This finding is consistent with previous studies, in which SPR peaks of CuNPs
are typically observed in the range of 550—580 nm, depending on the size and morphology of the
particles [1]. The absorption peak at 256 nm indicates the presence of Cu,O nanoparticles. This
coexistence is considered advantageous for agricultural applications, as both CuNPs and Cu,O
nanoparticles have been shown to exhibit strong antifungal activity. Their combination may enhance
the effectiveness in controlling plant pathogenic fungi [1, 23].

Control samples containing only CuSOs4, PVA, or lime extract (LE) did not show these
characteristic peaks, confirming that the observed spectral features are associated specifically with the
formation of CuNPs. In addition, the colour change of the solution from light blue (CuSO4) to dark
brown (CuNPs), as shown in Figure 1B, provides further visual evidence of the reduction reaction and
successful synthesis of copper nanoparticles.

1,8 A
1,2 B
ﬁ 564 nm
0,6
0+ 7 T 1
200 400 600 800
Wavelength (nm)
LE PVA CuSO4 CuNPS

Fig 1. UV-Vis spectrum of LE, PVA, CuSOs, and CuNPs (A). Appearance of the respective solutions (B)
(Cu?: 3 mM; pH: 8; LE/Cu?": 2; PVA: 0.8 g/L; Temp: 50 °C; Time: 40 min)

3.2.2. Influence of reaction parameters on the formation and stability of CuNPs

The synthesis process of copper nanoparticles (CuNPs) using LE as a reducing agent was
investigated through a single-factor approach. Factors such as Cu?* concentration, PVA content, pH,
temperature, reaction time, and the extract-to-water ratio (LE/H,O) were evaluated to determine their
impact on the formation and stability of CuNPs.

The influence of Cu?" concentration (Figure 2) shows that increasing the precursor concentration
from 1 mM to 3 mM enhances SPR intensity, indicating improved nanoparticle formation (Figure 2A).
However, at concentrations of 4-5 mM, the absorbance decreases (Figure 2B), likely due to the
aggregation of particles caused by an excess of Cu?" ions. A similar trend was reported by Saran et al.
(2018), highlighting the effect of high metal ion concentrations on colloidal stability [25]. Consequently,
3 mM Cu?* was identified as the optimal concentration. Figure 3 illustrates that as the pH increases from
6 to 10, the absorbance also rises, reaching a maximum at pH 10 (Figure 3B). However, the broader
absorption peaks observed at pH 9 and 10 suggest nanoparticle aggregation and increased
polydispersity, which reduce the stability of the CuNPs [19]. In contrast, at pH 8, the surface plasmon
resonance (SPR) peak is sharper, indicating the formation of more uniform copper nanoparticles.
Therefore, pH 8 was identified as the optimal value for the synthesis process. The effect of PVA
concentration is shown in Figure 4, which indicates that increasing the PVA concentration from 0.4 g/L.
to 0.8 g/L enhances the stability of CuNPs by preventing their aggregation. However, beyond 1.0 g/L,
the absorbance reaches a plateau, suggesting that excessive PVA may hinder nanoparticle formation.
Figure 5 demonstrates that increasing the LE/H,O ratio from 1 to 1.5 improves nanoparticle yield.
However, further dilution (LE/H,O > 1.5) reduces synthesis efficiency, possibly due to an insufficient
concentration of reducing agents. The influence of temperature (Figure 6) indicates that CuNPs
synthesis is most effective at 50 °C; beyond this point, aggregation occurs, reducing colloidal stability
[10]. The effect of reaction time (Figure 7) shows that the formation of CuNPs increases significantly
as the reaction time extends to 90 minutes. Beyond this point, the formation continues only slightly,
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indicating that the reaction has reached its final stage [10]. Therefore, a reaction time of 90 minutes is
considered optimal for synthesising copper nanoparticles.
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Figure 2. UV-Vis spectra of CuNPs (A) and absorbance Figure 3. UV.Vis spectra of CuNPs (A) and absorbance
at 564 nm under different Cu?* concentrations (B) at 564 nm under different pH values (B)
(pH: 8; LE/Cu**: 2; PVA: 0.8 g/L; Temp: 50 °C; Time: 90 min) (Cu?': 3mM; LE/Cu®*: 2; PVA: 0.8 g/L; Temp: 50 °C; Time: 90 min)
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Figure 4. UV-Vis spectra of CuNPs (A) and absorbance ~ Figure 5. UV-Vis spectra of CuNPs (A) and absorbance
at 564 nm under different PVA concentrations (B) at 564 nm under different LE/H20 ratio (B)
(Cu?*: 3 mM; pH: 8; LE/Cu?*:2; Temp: 50 °C; Time: 90 min) (Cu?: 3mM; pH: 8; PVA: 0.6g/L; Temp: 50 °C; Time: 90 min)
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Figure 6. UV-Vis spectra of CuNPs (A) and absorbance ~ Figure 7. UV-Vis spectra of CuNPs (A) and absorbance
at 564 nm under different temperatures (B) at 564 nm over different reaction times (B)
(Cu?:3 mM; pH: 8; PVA: 0.6g/L; LE/Cu’*:1.5; Time: 90 min) (Cu?: 3 mM; pH: 8; PVA: 0.6g/L; LE/Cu’*: 2; Temp: 50 °C;)

Based on these investigations, the optimal synthesis conditions were determined to be a Cu?**
concentration of 3 mM, pH 8, LE/H,O ratio of 1.5, PVA concentration of 0.6 g/L, temperature of 50 °C,
and a reaction time of 90 minutes. Among these parameters, pH, LE/H>O ratio, and temperature
exhibited the most significant influence and should be further optimized using Response Surface
Methodology (RSM) to refine the synthesis process.

3.3. Optimization of CuNPs synthesis using RSM
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The response surface methodology (RSM) using the Box-Behnken model was employed to design
the experimental matrix, and the absorbance values (Y) from 15 experiments, along with the predicted
values (Y') from JMP 17 software, are presented in Table 3. The experimental results indicate that the
absorbance values range from 0.474 to 0.908, while the predicted values from the model range from
0.460 to 0.887. The close agreement between these values demonstrates the model's strong predictive
capability for CuNPs synthesis efficiency.

Table 3. Experimental values and predicted model results

LE/H20 ratio Temperature pH Absorbance intensity
Ne. Coded A(ff/lg;l Coded A(chl)al Coded | Actual Ezglelfg:gt)al Priillit:: (r$(’))d =
1 +1 2.0 0 50 +1 9 0.474£0.014 0.460
2 0 1.5 -1 40 +1 9 0.547+£0.012 0.559
3 +1 2.0 -1 40 0 8 0.548 +0.001 0.549
4 -1 1.0 0 50 +1 9 0.636 + 0.009 0.627
5 +1 2.0 +1 60 0 8 0.647 + 0.003 0.650
6 -1 1.0 0 50 -1 7 0.656 + 0.003 0.669
7 +1 2.0 0 50 -1 7 0.668 + 0.008 0.676
8 -1 1.0 -1 40 0 8 0.676 £ 0.004 0.672
9 -1 1.0 +1 60 0 8 0.688 + 0.002 0.686
10 0 1.5 +1 60 +1 9 0.755+0.010 0.765
11 0 1.5 +1 60 -1 7 0.758 £0.013 0.745
12 0 1.5 -1 40 -1 7 0.848 £ 0.010 0.838
13 0 1.5 0 50 0 8 0.883 £0.021 0.887
14 0 1.5 0 50 0 8 0.871 £0.033 0.887
15 0 1.5 0 50 0 8 0.908 + 0.054 0.887

Table 4 presents the regression results for the CuNPs synthesis model. Based on the p-values, it
is evident that the factors X, (LE/H,O ratio), X3 (pH), X X3 (interaction between temperature and pH),

X>X; (interaction between LE/H,O ratio and pH), X’ (quadratic term of temperature), X: (quadratic term
of LE/H,0 ratio), and X: (quadratic term of pH) are statistically significant (p < 0.05), indicating their

considerable impact on the synthesis process. In contrast, the factors X;X, (interaction between
temperature and LE/H»O ratio) have p-values > 0.05, suggesting that it does not significantly affect the
model and can be omitted to simplify the equation without compromising model accuracy. Based on
the statistically significant regression coefficients, the regression equation describing the relationship
between absorbance intensity and the studied factors is expressed as follows:

Y =0.8873 +0.0286X — 0.0399X> — 0.0648X; + 0.0745X, X5 — 0.0435X,X;3
—0.0645 X~ 0.1830X; + 0.0958 X?

Table 4. Estimated regression results for the model

Term Estimated coefficient | Standard error | t-ratio | Probability (p-value)
Constant 0.8873 0.010882 81.54 <.0001*
X1 (Temperature) 0.0286 0.006664 4.30 0.0077*
X2 (LE/H20 ratio) 0.0399 0.006664 -5.98 0.0019*
X3 (pH) -0.0648 0.006664 -9.72 0.0002*
X1X2 0.0218 0.009417 2.31 0.0691
X1X3 0.0745 0.009417 7.91 0.0007*
X2X3 -0.0435 0.009417 -4.62 0.0058*
X? -0.0645 0.009809 -6.58 0.0012%*
X3 -0.1830 0.009089 -18.66 <.0001*
X3 0.0958 0.009809 9.77 0.0002*
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Table 5 presents the analysis of variance (ANOVA) results for the response surface methodology
(RSM) model based on the Box-Behnken design, applied to the green synthesis of copper nanoparticles
using lime extract. The Prob > F value of 0.0011 is less than the threshold of 0.05, indicating that the
model is statistically significant at a 95% confidence level. The high F-value (26.1557) further confirms
that the independent variables have a substantial effect on the response variable, affirming the adequacy
of the model. A Prob > F of 0.5366 from the lack of fit test, being well above 0.05, confirms that the
model adequately fits the experimental data without significant deviation. This means the model is
consistent with the experimental data and does not miss any important trend. The adjusted coefficient
of determination Ridj: 0.9571 reveals that 95.71% of the variance in the response is explained by the

model, indicating an excellent model fit.
Table 5. Analysis of variance and Lack of fit

Source DF S ! Mean square F ratio Prob > F R
squares
Analysis Model 0.25939998 0.028822 26.1557 R2
of Error 0.00550975 0.001102 adj
VEIERES C. Total 14 0.26490973 0.0011* 0.9571
Lack of fit 3 0.00106375 0.000355 0.9951 0.5366 Max R
Lack of ax Rsq
fit Pure error 2 0.00071267 0.00356 0.9971
Total error 0.00177642

Figure 8 illustrates the optimisation plots for absorbance and desirability, demonstrating the

response surface methodology's ability to predict optimal conditions for synthesis. The highest
absorbance value (0.897) is observed at an LE/H,O ratio of approximately 1.45, a temperature of
50.77 °C, and a pH of 7.68, indicating these as the most favourable conditions for maximising synthesis
efficiency. Figure 9 presents the regression plot of actual versus predicted absorbance values. The
coefficient of determination (R?) 0f 0.9926 and a p-value < 0.0001 confirm the model’s strong predictive
power and statistical significance. The root mean square error (RMSE) of 0.0188 indicates minimal
deviation between predicted and experimental values, further validating the reliability of the regression

model.
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Figure 8. Optimization plot for absorbance

L Figure 9. Regression plot of actual
and desirability

vs. predicted absorbance

Figure 10 illustrates the response surface plots depicting the interaction effects of the independent
variables on absorbance. The plots indicate significant two-factor interactions - specifically between the
LE/H,O ratio and temperature, LE/H>O ratio and pH, and pH and temperature - emphasising the
nonlinear nature of the system. The LE/H,O ratio and temperature show a parabolic relationship with
absorbance, indicating that an optimal balance is required to achieve maximum efficiency. Similarly,
pH significantly influences absorbance, with a decrease at extreme values, emphasising the importance
of maintaining a controlled pH range for optimal CuNPs synthesis. These findings collectively support
the validity of the model and its applicability in optimising the synthesis conditions.
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Figure 10. Response surface plots for the interaction effects
of independent variables on absorbance

After determining the optimal conditions, the model's results were validated through
experimental verification. When repeating the experiment three times at the optimal point, the
obtained absorbance value was 0.895. The predicted absorbance (0.898) and the experimental results
showed no statistically significant difference (p<0.05), demonstrating that the optimized model is
highly accurate and applicable to the synthesis process of copper nanoparticles using lime extract as
a reducing agent. The conditions for copper processing with fixed inputs, including Cu?* concentration
of 3 mM, PVA concentration of 0.6 g/L, and a reaction time of 90 minutes, is temperature of 50.77 °C,
pH of 7.68, LE/H,0 ratio of 1.45.

3.4. Characterization of copper nanoparticle

The TEM images of CuNPs synthesised under optimal conditions, captured at magnifications of
100,000% (Figure 11), reveal that the nanoparticles exhibit a characteristic cubic shape with slight
aggregation. This aggregation may result from electrostatic attraction or particle interactions during
synthesis. The particle diameters range from 10 to 30 nm, with some larger particles observed due to
aggregation phenomena. The particle size distribution diagram of CuNPs (Figure 12) shows an average
particle size (Z-Average) of 21.432 nm with a polydispersity index (PDI) of 0.278. A PDI value below
0.3 indicates a uniform particle size distribution, confirming that the LE synthesis method produces
relatively stable nanoparticles. The particle size results for CuNPs in this study align with previously
published data, showing stable and uniformly distributed sizes. Amer and Awwad (2024) synthesised
CuNPs using citrus limon fruit extract and obtained an average particle size of 28 nm, with more
significant aggregation [26]. Similarly, Khurramovna et al. (2024) synthesised CuNPs using peel
extracts from various citrus fruits, achieving an average particle size of 22.4 nm with a narrow size
distribution and maintaining colloidal stability for over three months [15].
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Figure 11. TEM images of CuNPs

cs ot f Figure 12. Particle size distribution
at 100 000x magnification

diagram of CuNPs

The XRD spectrum of CuNPs in Figure 13 exhibits characteristic diffraction peaks at 20 angles
of approximately 43.3°, 50.4°, and 74.1°, corresponding to the (111), (200), and (220) crystal planes of
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metallic copper (JCPDS Card No. 04-0836). Additionally, weaker diffraction peaks appear at 36.4° and
61.3°, which belong to Cu,O (JCPDS No. 05-0667), indicating that a small amount of copper (I)
oxide may have formed during the synthesis process. This result confirms that the synthesised CuNPs
prossess a face-centred cubic (FCC) crystal structure characteristic of CuNPs, while the minor
presence of CuyO is likely due to slight surface oxidation. Compared with the TEM images
(Figure 11), it is evident that the CuNPs have a cubic morphology and are relatively well-dispersed.
The average particle size estimated from XRD using the Scherrer equation is 21.276 nm, which is
smaller than the value obtained from the particle size distribution diagram by DLS (21.432 nm). This
discrepancy can be explained by the fundamental principles of the two measurement techniques. XRD
determines the crystallite size based on the broadening of diffraction peaks, reflecting the dimensions
of coherent crystalline domains within the particles. In contrast, DLS measures the hydrodynamic
diameter of particles in solution, including the solvent shell and any stabilising agents or coatings on
the particle surface, leading to a larger measured size. It is also sensitive to aggregation, potentially
inflating the average particle size. Compared to previous studies, these results align with the findings
of Sadia et al., where biologically synthesised CuNPs exhibited an FCC structure with an average
particle size ranging from 5.55—63.60 nm [27]. Similarly, the study by Raveesha and Pramila reported
that green-synthesised CuNPs contained a small amount of Cu,0, consistent with the XRD spectrum
in this study [28].

JCPDS Card No. 04-0783
Cu
(1 1 1) CuNPs

Cu

(200)
2 €0 o Cu,0 Cu
g (111) (200) 220) (2%0)
8
R= 433

50.4

74.1
30 40 50 60 70 80

26 (degree)
Figure 13. XRD pattern of CuNPs

4. CONCLUSIONS

The study successfully optimized the green synthesis of CuNPs using lime extract. The
optimization process was conducted in two stages: single-factor optimization and RSM using a Box-
Behnken model to identify key reaction parameters. The optimal conditions were determined as follows:
a temperature of 50.77 °C, pH 7.68, an LE/H,O ratio of 1.45, a Cu?" concentration of 3 mM, a PVA
concentration of 0.6 g/L, and a reaction time of 90 minutes. TEM images confirmed that the synthesized
CuNPs exhibited a uniform cubic morphology under optimal conditions. DLS analysis measured an
average particle size of 21.432 nm with a narrow size distribution, indicating high uniformity.
Meanwhile, XRD analysis determined a crystallite size of 21.276 nm and confirmed a face-centered
cubic (FCC) crystal structure, consistent with the TEM images and the standard copper reference
(JCPDS Card No. 04-0836). The size discrepancy between DLS and XRD measurements arises from their
differing measurement principles: XRD determines crystallite size, whereas DLS measures hydrodynamic
size. Due to their reduced particle size, the synthesised CuNPs exhibit superior physicochemical
properties, offering promising applications in electronics, biomedicine, and agriculture. Overall, this study
validates the efficiency and reproducibility of the optimised synthesis process, establishing a strong
foundation for further research on large-scale production and practical applications.
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TOM TAT

TOI UU HOA QUY TRINH TONG HOP NANO BDONG
TRONG DICH CHIET QUA CHANH (Citrus aurantifolia)
BANG PHUONG PHAP BE MAT PAP UNG VOI MO HiNH BOX-BEHNKEN

Nguyén Vi Thién Thao, Nguyén Thi Mai, Tran D3 Thanh Thing,
Pham Huy Vii, Nguyén Thi Luong, Lé Thi Hong Thuay*
Truwong Pai hoc Cong Thwong Thanh phé Ho Chi Minh

*Email: thuylth@huit.edu.vn

Nghién ctru nay trinh bay phuong phap tong hop xanh nano dong (CuNPs) sir dung dich chlet qua
chanh (LE) 1am tac nhan khtr. Qué trinh t6i wru héa duoc thuc hién thong qua khao sat don yéu té va
phuong phép bé mit dap tng (RSM) véi md hinh Box-Behnken, cac diéu kién t6i uu gdm: nhiét do
50,77 °C, pH 7,68, ty 16 LE/H,0 1,45 (v/v), ndng d6 Cu?* 3,0 mM, ndng d6 PVA 0,6 g/L va thoi gian
phan tmg 90 phut. Hinh anh TEM cho thiy cac hat CuNPs c6 hinh thai 1ap phuong dong nhét. Kich
thude hat xac dinh biang phuong phép tan xa anh sang dong (DLS) 1a 21 ;432 nm, trong khi kich thudce
tinh thé tir nhidu xa tia X (XRD) 1a 21,276 nm. Phan tich XRD xac nhén céu truc tinh thé 1ap phuwong
tam dién (FCC), pht hop véi hinh anh TEM va mau dong tiéu chuan (JCPDS Card No. 04-0836). Sy
khéc biét giita kich thudc do bang DLS va XRD la do XRD xac dinh kich thudc tinh thé con DLS do
kich thudc hydrodynamic. Vi kich thudc siéu nho, cac hat CuNPs mang lai tinh chét vét 1y - héa hoc
vuot troi, mo ra nhidu Gmg dung tiém nang trong dién tir, y sinh va nong nghiép.

Keywords: Hat nano ddng, tong hop xanh, dich chiét qua chanh, phwong phép bé mit dap ing (RSM),
mo hinh Box-Behnken.
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