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Abstract

This study aims to synthesize and characterize silver nanoparticles (AgNPs) from Leucaena leucocephala leaf extract and evaluate
their effectiveness in photo-catalytically degrading indigo carmine (IC) dye in an aqueous solution. The synthesized AgNPs were
characterized using UV-visible spectrophotometry (UV-Vis), diffuse reflectance spectroscopy (DRS), Fourier transform infrared
spectroscopy (FTIR), energy dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), and X-ray diffraction
(XRD) techniques. Response surface methodology (RSM) based on central composite design (CCD) was employed to optimize the
conditions for the photocatalytic degradation of IC dye under solar light. The results show that 97.52% of the maximum
photodegradation of IC dye was achieved using a dye concentration, catalyst volume, and reaction time of 19.7 mgL %, 4.47 mL, and
97 min, respectively. RSM results revealed optimal conditions for IC dye degradation under solar irradiation. Moreover, the kinetics
study of IC dye showed a good correlation with the pseudo-first order kinetic model.

Keywords: Silver nanoparticles, Leucaena leucocephala, Photocatalytic degradation, Indigo carmine, Central composite design,
Response surface methodology

1. Introduction

Numerous pollutants have negative effects on ecosystems, as well as on the health of animals, plants, and people. Several industries
generate liquid or gaseous effluents that negatively impact human health and safety [1]. Industrial effluents are a primary contributor
to environmental pollution. Many industries that produce food, textiles, medicines, and cosmetics, extensively employ dyes to color
their products to suit customer preferences [2]. However, depending on their application and composition, some effluents can be toxic
to aquatic life [3]. Effluents from the dyeing industry contain high levels of suspended organic material [4]. Among several dye types,
indigo carmine (IC) dye is the oldest and most widely used in the textile, food, and cosmetics industries. In high concentrations, IC dye
effluents are poisonous and cause a variety of health issues, such as skin and eye irritation [5]. One of the most important industrial
management responsibilities is to remove this dye from effluents before releasing them into the ecosystem. To remove organic
contaminants such as IC dye from wastewater, a wide range of chemical, physical, and biological methods have been investigated [6].
Some removal methods using processes that coagulate organic material produce much sludge. However, most of these dyes are highly
resistant to biodegradation and photodegradation. Therefore, these primary pollutants may react to form even more toxic secondary
pollutants [7]. Adsorption, ozonolysis, chemical processes, biodegradation, and photocatalytic degradation have been extensively
utilized to eliminate toxic dyes from effluents. Photocatalytic degradation is a useful method for removing dyes from wastewater. This
technique indicates the potential impact on a wide spectrum of pollutant mineralization [8]. Recently, production of green nanoparticles
has received attention for their use in degrading environmental contaminants [9]. Photocatalytic degradation utilizing nanoparticles
(NPs) offers numerous advantages over other techniques. These advantages include high efficiency, selectivity, environmental
compatibility, adaptability, and cost-effectiveness [10]. Recently, nanoparticles were used as catalysts to degrade dyes in several
photocatalytic processes, as depicted in Table 1.
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Table 1 Nanoparticles as catalysts for photocatalytic degradation of dyes

Catalyst Dye pollutant Reaction conditions Performance Light source Ref.
AgNPs MO Pollutant: 10 mg L 95.47%, 7 min Solar light [9]
Catalyst: 0.2 g
Ag-doped ZnO NPs MB Pollutant: 10 mg L 98%, 120 min Solar light [11]
Catalyst: 15 mg
pH: Neutral
AgNPs CR Pollutant: 10 mg L <95%, 150 min UV light [12]
Catalyst: 1 g
pH: 8
AgNPs RhB Pollutant: 20 pM 95%, 75 min Solar light [13]
Catalyst: 0.09 g
ZnO NPs MB Pollutant: 20 pM 98.50%, 60 min Solar light [14]

Catalyst: 0.09 g

Metal nanoparticles such as gold, platinum, and silver play significant roles in various industries including electronics, biological
applications, environmental remediation, medicine, and catalysis. Silver nanoparticles (AgNPs) have been widely used in numerous
applications due to their exceptional catalytic, antibacterial, and anti-inflammatory properties [15]. Green NP synthesis has many
advantages over physical and chemical techniques including being non-toxic, more stable, economical, and environmentally beneficial
[16]. Eco-friendly procedures for synthesizing NPs involve utilizing plant extracts or other natural resources as precursors employing
no hazardous chemicals. Using plant extracts for NP synthesis is a safe method due to their non-toxic nature [17]. In previous studies,
AgNPs can be synthesized via green methods using various plant extracts, which exhibit differences in size and shape, as shown in
Table 2.

Table 2 Nanomaterials prepared from several plant extracts

Plant Part Condition Characteristics Ref.
Salvia (Salvia tebesana) Leaves Extract: 1 gL SPR peak: 415 nm [18]
AgNOz: 10 mM Shape: spherical
pH: 12 Size: 10-15 nm
Method: stirring
Temp: 55 °C
Time: 30 min
Alfalfa (Medicago sativa) Seeds Extract: 10 mL SPR peak: 419 [19]
AgNOs: 10 mM Shape: spherical/elliptical
pH: 12 Size: 13-15nm
Time: 60 min
Temp: 85 °C
Moringa (Moringa oleifera) Leaves Extract: 20 mL SPR peak: 477 nm [20]
AgNOs: 3 mM Shape: spherical
Method: stirring Size: 25.235 + 0.694 nm
Time: 24 h
Temp: Ambient
Heartleaf hempvine (Mikania cordata) Leaves Extract: 40 mL SPR peak: 451 nm [21]
AgNOsz: 1 M Shape: spherical
Method: shaking Size: 26.8 - 46.0 nm
Time: 70 min
Temp: 80 °C
Clove (Syzygium aromaticum) Flower buds Extract: 10 mL SPR peak: 410 nm [22]
AgNOs: 1 mM Shape: spherical
pH: 10 Size: 12.34 £1.90 nm
Method: stirring
Time: 25 min
Temp: 40 °C

Leucaena leucocephala is a medium-sized, rapidly growing tree in the Fabaceae family. Its extracts exhibit remarkable medicinal
properties, but it is also among the 100 most invasive species in the world. The species is reported to be an aggressive colonizer,
forming dense monospecies stands that threaten native plant communities [23, 24]. Therefore, it is necessary to reduce the population
density of this species. Scientific evaluation has shown that Leucaena leucocephala contains phytochemical substances such as tannins,
coumarins, saponins, flavonoids, steroids, cardiac glycosides, amino acids, carbohydrates, and phenols. Furthermore, the analysis of
phytochemical compounds in Leucaena leucocephala leaf extract using HPLC techniques found that the leaves contain a substantial
amount of rosmarinic acid, resveratrol, and quercetin, which have potential antioxidant activities [25]. Additionally, Leucaena
leucocephala leaf extracts serve as both reducing and stabilizing agents, as well as a capping agent for the green synthesis of AgNPs.
Biogenic AgNPs demonstrate exceptional photocatalytic properties in the treatment of effluents containing organic dyes, indicating
their potential as effective agents for environmental remediation [26].

Utilization of green synthesized NPs provides photocatalysts that can effectively degrade toxic dyes. Therefore, for this specific
goal, evaluation of environmentally friendly synthesis and characterization of NPs are essential for developing photocatalytic
degradation methods [10]. Several parameters were studied for determination of the optimal conditions for IC degradation utilizing
AgNPs, including dye concentration, catalyst volume, and reaction time under solar irradiation. Nonetheless, basic experimental
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analysis may limit the simultaneous investigation of more than two variable parameters. Response surface methodology (RSM), a
statistical technique widely employed in experimental design, has proven effective in optimizing complicated systems. It reduces
development costs and time, improves production response to nominally meet goal requirements, and decreases process instability
[27].

The objectives of this research are to synthesize AgNPs using Leucaena leucocephala extract and to evaluate their photocatalytic
properties for IC dye degradation. The characteristics of AgNPs were investigated using UV-visible spectrophotometry (UV-Vis),
diffuse reflectance spectroscopy (DRS), Fourier transform infrared spectroscopy (FTIR), energy dispersive X-ray spectroscopy (EDX),
transmission electron microscopy (TEM), and X-ray diffraction (XRD) techniques. RSM was used to optimize the parameters of the
photocatalytic process. Three parameters were evaluated including the concentrations of IC dye, volume of catalyst, and reaction time.
Additionally, a kinetics study was done to investigate the rate of dye degradation.

2. Materials and methods
2.1 Materials and chemicals

Silver nitrate (AgNQOs) was obtained from Fisher Chemical, UK. Indigo carmine (C1sHsN2Na20sS2) was purchased from Loba
Chemie, India. The leaves of Leucaena leucocephala were gathered from the grounds of Khon Kaen University, Nong Khai Campus,
Nong Khai, Thailand. Deionized water (DI) was used to prepare all solutions.

2.2 Preparation of Leucaena leucocephala leaf extract

To remove contaminants, the leaves of Leucaena leucocephala were washed several times with tap water. The collected leaves
were air-dried at ambient temperature in a shaded area. Next, a fine powder was obtained from dried leaves using a blender and passing
the material through a sieve stack on a shaker, using material passing a Number 10 sieve (<2 mm particle size). The resulting powder
was then subsequently stored in a plastic container at ambient temperature. For preparation of leaf extract solutions, 5 g of the powder
and 200 mL of DI water were combined and heated in a microwave oven at 300 W for 2 min. It was subsequently allowed to cool to
ambient temperature and filtered through Whatman No. 1 filter paper. The filtrate solution was stored at 4 °C for further use.

2.3 Green synthesis of AgNPs

The extract from Leucaena leucocephala leaves was used as a reducing agent in an eco-friendly method to synthesize AgNPs.
AgNP synthesis was done under optimal conditions using RSM (data not shown). Under these optimal conditions, the leaf extract (400
pL) was combined with 2.75 mM AgNOs (10 mL). The mixture was subsequently heated in a microwave oven at 600 W for 2 min.
The mixed solution was left to stand at room temperature for 1 h [28]. Next, 25 mL of the mixed solution was transferred into a
volumetric flask. UV-Vis spectrometry was used to monitor the transformation of AgNPs in the wavelength range of 300-800 nm [29].
The color of the mixture changed noticeably from light yellow to reddish-brown.

2.4 Characterization of AgNPs

The absorbance data were recorded using a UV-Visible spectrophotometer (UV-1900i, Shimadzu, Japan). DRS was used to
determine the band energy of AgNPs using Tauc's relation [30]. The functional groups of AgNPs were analyzed using Fourier transform
infrared spectroscopy (TENSOR 27, Bruker, USA). The chemical composition, particle size, and surface morphology of AgNPs were
investigated by employing TEM and EDX techniques (TECNAI G2 20, FEI, USA). Crystallography of AgNPs was examined using
an X-ray diffractometer (EMPYREAN, Bruker, USA).

2.5 Photocatalytic decolorization of IC dye

To determine the photocatalytic efficiency of the synthesized AgNPs, degradation of IC dye under solar light was monitored using
spectroscopic absorbance. RSM values served to predict optimal performance. Three parameters, including dye concentration
(2-10 mgL™Y), catalyst volume (0.5-5.5 mL), and reaction time (20-120 min), were optimized to evaluate the degradation of IC dye.
Various concentrations of IC (20 mL) were mixed with different volumes of AgNPs catalyst. Mixture solutions were adjusted with DI
water to a final volume of 30 mL [31]. The studies were carried out at a pH of 5.6, which represents the natural solution for the
dissolution of the desired molecules in DI water [32]. The mixture solutions were shaken for 30 min in the dark at 150 rpm to achieve
adsorption/desorption equilibrium and enhance the dispersion of the AgNPs catalyst in the mixture solution [33]. The reactions were
conducted at different time intervals in daylight from 11:00 a.m. to 1:00 p.m. [34]. An aliquot (6 mL) of each run was taken and
centrifuged, and then the absorbance was measured to determine the degradation percentage [35]. IC concentration was determined
using UV-Vis absorbance at 610 nm. The degradation performance of the catalysts was evaluated according to Eq. (1).

Com
Co

dye degradation (%) = € x 100 )]

where C, and C are respectively the initial and final concentrations of IC dye over the course of its photocatalytic degradation [36].
2.6 Kinetics study

Kinetics studies were performed using the optimal conditions of AgNP catalyst volumes and dye concentrations at different times.
The samples were examined at appropriate intervals until they reached an equilibrium state [37]. An adsorption/desorption equilibrium
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was achieved by agitating the mixed solutions for 30 min at 150 rpm in the dark. The reactions were conducted at different time
intervals under daylight conditions from 11:00 a.m. to 1:00 p.m. [34]. The solutions were then centrifuged for 5 min at 9,000 rpm [35].
Change in dye concentration was determined by measuring sample absorbance at 610 nm using a UV-Vis technique. Kinetics data of
dye degradation were evaluated using pseudo-first order (Eq. 2) and pseudo-second order (Eq. 3) equations [38, 39].

In(C/Co) = —kyt O]

t ot 1
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where Cy, C, t, k4, k, are the initial concentration, the concentration at a given time, the time of reaction, the rate constant of pseudo-
first order (min-1), and the rate constant of pseudo-second order (mg L min-t) equations, respectively.

2.7 Experimental design and data analysis

Photocatalytic degradation of IC dye was optimized using response surface methodology (RSM) based on CCD. This method is
suitable for modeling quadratic surfaces and helps to reduce the number of experiments needed to optimize the parameters and analyze
their interactions. RSM was employed to assess the photocatalytic process by considering reaction time, catalyst volume, and dye
concentration. There was a total of 20 trials conducted using a 2* full factorial CCD. The designations for the equally spaced x; values
are -a, -1, 0, +1, +a. The independent variables, levels, and experimental ranges are shown in Table 3.

Table 3 Experimental design of independent variables and coded levels for the photocatalytic degradation of IC dye

Independent variable Coded levels
- -1 0 +1 +a
A: Dye concentration (mgL™?) 10.0 18.1 30.0 41.9 50.0
B: Catalyst volume (mL) 0.50 151 3.00 4.49 5.50
C: Reaction time (min) 20 40 70 100 120

Regression coefficients were obtained after experimental data were evaluated using Design-Expert 13 (trial version) and fitted to
a second-order polynomial model. This program was employed to create two-dimensional contour plots, three-dimensional curves, and
residual plots of the response surfaces. In conducting the response (Y) surface analysis, the following generalized second-order
polynomial model was employed:

Y=Bo+ D BiXi + X Bu XP + T ZhL1 B XiX; + e @)

where Y is the response (%degradation); So is a constant coefficient (free term or intercept constant); fi is the coefficients of the linear
effects (or first-order effect) of parameter Xi; gii is the quadratic coefficients (second-order regression coefficients); ij values are the
interactions effects between the independent variables Xi and Xj; Xi and X; are independent variables which are considered to influence
the response; k =3 is the number of independent parameters; i and j are the index numbers of patterns; eo represents model error (giving
the uncertainties between the predicted and the actual values of the parameters) [32]. The polynomial model was subjected to an
analysis of variance (ANOVA) at a 95% confidence level to determine its statistical significance. Additionally, the quality of the model
fit was assessed using a residual plot. The coefficient of determination (R?) expresses how well the polynomial modeled the data.

3. Results and discussion
3.1 Characterization of AgNPs
3.1.1 UV-Vis analysis

Aqueous solutions of green AgNPs synthesized using Leucaena leucocephala leaf extract were compared to the control solutions
(AgNOs and Leucaena leucocephala leaf extract), as the color changed from light-yellow to reddish-brown. Under identical conditions,
the control solutions showed no absorption band (Figure 1(a)). The AgNP absorption peak observed at 417 nm is caused by surface
plasmon resonance (SPR), which occurs when free electrons in the metal are excited during the synthesis of AgNPs. This suggests that
the optical properties of the AgNOs solutions were changed due to the reduction of Ag* to Ag® or AgNPs upon exposure to the bioactive
constituents of the plant extract [40].

3.1.2 DRS analysis

DRS analysis was performed to investigate the light absorption properties of green synthesized AgNPs [8]. Figure 1(b) shows the
DRS analysis of AgNPs synthesized using Leucaena leucocephala extract. The synthesized AgNPs have an absorption edge around
417 nm, corresponding to a band gap of 2.34 eV. The DRS investigation showed that the green synthesized AgNPs had a strong
capability to absorb light in the visible range. Several strategies have been investigated to sensitize AgNPs to visible light for
applications in photocatalytic degradation [41]. The low band gap facilitated efficient electron-hole pair generation under visible light
irradiation, enhancing the photocatalytic performance of the AgNPs [41, 42]. The band gap energy of the green synthesized AgNPs is
like that of AgNPs synthesized using plant extracts in a previous study [31].
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Figure 1 UV-Vis absorption spectra of AgNOs, leaf extract of Leucaena leucocephala, and AgNPs (a), DRS of AgNPs showing Eq =
2.34 eV (b), FTIR spectra of AgNPs and leaf powder of Leucaena leucocephala (c), and XRD of AgNPs (d)

3.1.3 FTIR analysis

FTIR analysis of Leucaena leucocephala leaf extract revealed the presence of various functional groups including hydroxyl,
carbonyl, amine, and alkyl halides, which can interact with silver ions and facilitate their reduction to AgNPs [23, 43]. Figure 1(c)
shows the FTIR spectrum of the leaf extract of Leucaena leucocephala, displaying seven distinct bands at different wavenumbers,
3289, 2916, 2848, 2130, 1731, 1605, and 1013 cm™. These bands represent three different functional groups, O-H stretching, C-H
stretching, and C=0 stretching, indicating the involvement of biomolecules such as alcohols and phenols in AgNP synthesis [23, 40].
The FTIR spectra showed a shift in peak positions after AgNP formation, suggesting that the phytochemicals bind to nanoparticle
surfaces and act as capping and stabilizing agents. Comparing the FTIR spectra of Leucaena leucocephala leaf extract and the
synthesized AgNPs revealed distinct differences, confirming the activity of phytochemicals in the bioreduction process [43, 44]. FTIR
peaks became more intense after AgNP formation, indicating an increased concentration of functional groups during synthesis [23].
The FTIR analysis confirmed the presence of biomolecules such as polyphenols on AgNP surfaces, which contributed to their stability
and prevented aggregation [23, 44]. Capping of AgNPs by the phytochemicals also influenced their size, shape, and dispersity, as is
evident from the FTIR spectra [43, 44].

3.1.4 XRD analysis

XRD was employed to investigate the crystal size and structure of nanoparticles. Figure 1(d) shows the XRD patterns of green
synthesized AgNPs, in which diffraction peaks located at 26 angles of 27.98°, 32.35°, 38.20°,44.29°, 46.35°, 55.00°, 57.52°, 64.72°,
and 77.49° can be attributed to the (210), (122), (111), (200), (231), (142), (241), (220), and (311) planes of pure silver, based on the
face-centered cubic (FCC) structure (JCPDS standard data, Card No. 04-0783). The XRD data reveal that the AgNPs generated by the
extract have a crystalline nature [45].

3.1.5 TEM analysis

The morphology and size of the green synthesized AgNPs were evaluated using TEM. The TEM imagery of AgNPs at various
magnifications are presented in Figures 2(a) and 2(b), showing spherical shapes. Identification of single crystal AgNPs is supported by
the lattice fringes depicted in Figure 2(b). Additionally, the interplanar spacing (d) of AgNPs, is d = 0.232 nm. This value is consistent
with the reported value of the (111) plane spacing for the FCC structure of silver [46]. Furthermore, Figure 2 (c) displays a histogram
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of the particle diameter size distribution of the green synthesized AgNPs. This histogram was created using Image-J software. The
average particle size and their distribution was 7.29 + 0.05 nm [15].

©

Mean = 7.29 + 0.05 nm

Count

Particle diameter Size (nm)
Figure 2 TEM imagery was analyzed at 20 nm (a), and 5 nm (b); particle diameter distribution histogram of AgNPs (c)
3.1.6 EDX analysis

The elemental composition of green-synthesized AgNPs was determined using EDX analysis, and the results are shown in Figure
3. Green synthesized AgNPs exhibited dominant peaks that indicate the presence of elemental silver (Ag), along with additional minor
peaks corresponding to other elements. The presence of characteristic peaks of carbon (C), and chlorine (CI) can be explained by the
presence of carbohydrates and proteins in the cellular structure. These organic compounds may have acted as capping agents or
stabilizers during AgNP synthesis. The carbon peak showed that the leaf extract of Leucaena leucocephala is the source of
phytochemicals that stabilize AgNPs. Furthermore, peaks of other elements, such as Cu, were also discovered, since the TEM grids
were made of Cu [47, 48].
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IC dye
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3.2 Photocatalytic decolorization of IC dye
3.2.1 Optimization of photocatalytic degradation of IC dye

The residuals exhibited a normal distribution due to their close alignment with a straight line, as depicted in Figure 4(a) [49]. Figure
4(b) shows that the actual values of IC degradation from the experiments closely align with the predicted values, forming a linear trend
line. It is clear that the model was accurate based on the relationship between experimental data on the photocatalytic degradation of
IC and predicted values. The experimental data are symmetrically arranged within the confidence level, as illustrated by the graphs in
Figure 4. This demonstrates that the quadratic model is suitable [50].

Statistically designed experiments were conducted to assess the effect of various parameters. Table 4 shows the experimental design
matrix, with predicted and observed values of IC dye degradation efficiencies.

Table 4 Variables of CCD along with predicted and actual values for the photocatalytic degradation of IC dye

Variables in coded levels Degradation (%)
Run A: Dye concg1r1trat|on B: Catalyst volume C: React.lon time Predicted Actual
(mgL™) (mL) (min)
1 30.0 3.00 70 56.66 59.97
2 30.0 0.50 70 8.74 7.59
3 41.9 1.51 100 33.62 33.05
4 18.1 4.49 40 97.11 98.85
5 30.0 3.00 70 56.66 59.79
6 30.0 3.00 70 56.66 56.65
7 30.0 3.00 20 47.37 45.87
8 30.0 5.50 70 95.80 95.28
9 419 4.49 40 64.39 64.12
10 30.0 3.00 70 56.66 54.13
11 419 1.51 40 15.49 21.39
12 30.0 3.00 120 69.03 68.87
13 10.0 3.00 70 87.45 91.24
14 30.0 3.00 70 56.66 56.92
15 18.1 151 100 50.10 51.55
16 18.1 4.49 100 104.73 100.00
17 30.0 3.00 70 56.66 52.79
18 18.1 151 40 34.16 30.26
19 50.0 3.00 70 46.08 40.62
20 41.9 4.49 100 74.20 79.28

The second-order polynomial equation for IC degradation efficiency in terms of coded factors is given below as Eq. (5):

Y = 56.66—1230*A+2588%B +6.44%C—351%A*B+055%A*C—2.08xBxC+3.57%A%— 155 B2 4+ 0.54 = C*
®)

The predicted response, indicating the percentage of IC degradation, is denoted by the variable Y. The dye concentration, catalyst
volume, and reaction time are represented by the variables A, B, and C, respectively. Catalyst volume (B) has the highest coefficient
indicating that it has the greatest impact, as shown in Eq. (5). The positive coefficient indicates that high catalyst volume values favored
IC degradation. Another factor that affected the response was the concentration of dye (A). A negative coefficient indicates that an
increase in dye concentration will result in a decreased I1C degradation. The coefficient of reaction time (C) has the minimum value
indicating that it has least impact on the degradation of IC dye. The presence of a positive coefficient shows that higher reaction time
values were beneficial for the degradation of IC [51]. Adequacy of the model was assessed using ANOVA. Table 5 displays the
ANOVA results regarding the degradation of IC dye.

Table 5 ANOVA for the photocatalytic degradation of IC dye

Source SS df MS F-Value p-Value Remark
Model 12154.95 9 1350.55 69.57 <0.0001 significant
A 2065.40 1 2065.40 106.40 < 0.0001

B 9148.87 1 9148.87 471.31 < 0.0001

C 566.29 1 566.29 29.17 0.0003

AB 98.70 1 98.70 5.08 0.0478

AC 2.40 1 2.40 0.12 0.7325

BC 34.63 1 34.63 1.78 0.2113

A? 183.820 1 183.820 9.47 0.0117

B2 34.729 1 34.729 1.79 0.2107

(o 4.268 1 4.268 0.22 0.6492

Residual 194.12 10 19.41

Lack of Fit 151.87 5 30.37 3.59 0.0933 not significant
Pure Error 42.25 5 8.45

Cor Total 12349.07 19

SS: sum of squares; df: degrees of freedom; MS: mean square; F: frequency; p: probability; R? = 0.9843; Pred R? = 0.8928; Adj R? = 0.9701; C.V.=7.54;
Adeq Precision=30.8105.
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A p-value less than 0.05 indicates that the second-order polynomial model adequately describes the experimental data. The impact
of model terms on the degradation of IC, as indicated by the p-values in Table 5, follows the order: B> A >C > A2> AB > B2>BC
> C2> AC. The statistical significance of the model can be established by its high F-value (69.57) and a low p-value (<0.0001), which
implies that model parameters including A, B, C, AB, A2 are significant [52, 53]. The terms B2, C2, AC, and BC are not statistically
significant as their p-values are more than 0.05, and hence they may be eliminated from Equation (5). Moreover, the importance of the
model can be verified using the lack of fit test. The lack of fit is considered insignificant due to its p-value being higher than 0.05. The
low coefficient of variation (C.V.) value of 7.54% confirms the model's accuracy. The signal-to-noise ratio of 30.8105 was considered
adequate based on the results [53]. Furthermore, the fit of the model was validated by the coefficient of determination (R?). The
predicted R? value of 0.8929 (Table 5) for the model is consistent with the adjusted R? value of 0.9701, suggesting that the obtained
model is statistically significant. The response (degradation efficiency) and the parameters have a good relationship (R? = 0.9843)
according to Equation (5), as shown in Figure (4b). The figure displays a plot between the experimental and predicted values of IC
degradation, which were generated from the RSM model. The percentage IC degradation values show a good fit [53].

3.2.2 Effect and interaction of factors on IC dye degradation

The interaction between catalyst volume and dye concentration (AB) is illustrated in Figure 5(a) in 3D surface plots. Dye
degradation appears to increase with catalyst volume, whereas it decreases as dye concentration increases. Increased catalyst volume
could be due to the large number of active sites present on nanoparticle surfaces, which allows more solar light to pass the aqueous
solution. AgNPs absorb visible and ultraviolet radiation from solar light, which generates an abundance of reactive radicals [54]. The
reactive radicals degrade and attack the IC dye molecules. As a result, this leads to higher degradation efficiency [52, 54]. The impact
of dye concentration and reaction time on IC degradation is illustrated in Figure 5(b). Degradation of IC increases slightly with reaction
time. An increase in dye concentration leads to decreased IC degradation. This may be a result of insufficient active sites, which are
necessary for the high concentration of dye. When the concentration of dye increases, more dye molecules adhere to the catalyst
surfaces. Generation of hydroxyl radicals is reduced due to the occupation of active sites by dye molecules [52]. This leads to an
increased demand for reactive species such as HO- and 05, which are necessary for breaking down the dye. The catalyst's surface
maintains a constant generation of HO- and 05 when the catalyst dose and reaction time remain constant. Consequently, the number
of active radicals available is insufficient to break down the dye when it is present in higher concentrations. Furthermore, reduced
hyroxyl radical production at the catalyst surface is a result of photon absorption by the IC dye [52]. Therefore, the effectiveness of
degradation decreases as the concentration of dye increases. The effects of reaction time and catalyst volume on IC dye degradation
are displayed in Figure 5(c). Increased reaction time results in slightly increased degradation efficiency. This could be explained by
the fact that the AgNPs photocatalyst surfaces are exposed to more solar light during longer irradiation times, which produces more
hydroxyl radicals and increases the degradation of IC dye [52]. Furthermore, when the reaction time increases, the removal efficiency
also increases. Free radical formation and hydroxyl radical creation may occur over extended periods of contact. The process may
continue until a certain point, after which the growth rate becomes smoother as free radicals and pollutant degradation approach
equilibrium [55, 56]. Previous research has revealed that increased contact duration results in enhanced removal efficiency [54, 57].

TC degradation (%)
IC degradation (%)

I1C degradation (%)

ngy) 37 €

Figure 5 3D plots of interaction between dye concentration and catalyst volume (a), 3D plots of interaction between dye concentration
and reaction time (b), and 3D plots of interaction between catalyst volume and reaction time (c) for the photocatalytic degradation of
IC dye
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To confirm the suitability of the RSM model, the model equation was employed to determine the optimal values for IC dye
concentration, catalyst volume, and reaction time, resulting in the maximum degradation of IC dye. The optimal operating conditions
in this investigation were an IC dye concentration of 19.7 mgL-, a catalyst volume of 4.47 mL, and a reaction time of 97 min. At these
optimal conditions, the percentage IC dye degradation values for predicted and experimental data were 100.90% and 97.52%,
respectively. The measured IC dye degradation values exhibited a deviation of less than 5% from the expected values. Thus, RSM
successfully confirmed the optimum operating point, suggesting that it can be a useful tool for optimizing photocatalytic processes.
Additionally, the developed model can be applied to any set of parameters within a specified range to minimize parameters or maximize
the degradation efficacy of IC dye [53]. This result showed that the IC dye molecules completely degraded when reacted with the
synthesized AgNP catalyst after 97 min under solar irradiation. Green synthesized AgNPs from different plant extracts exhibit
promising performance for photocatalytic degradation of dye under solar irradiation. This work shows high efficiency in the rapid
degradation of dyes when compared to other photocatalysts from different plant extracts as shown in Table 6.

Table 6 Comparison of green synthesized AgNPs from different plant extracts when used as catalysts for photocatalytic degradation

Plants Dye and Light source and time %Degradation Ref.
concentration

Valeriana jatamansi RhB Solar light 95% [13]
10 mgL? 75 min

Eucalyptus globulus IC Solar light, 98% [58]
10 mgL? 120 min

Eucalyptus globulus IC Solar light 100% [59]
10 mgL? 75 min

Capparis moonii RB Solar light 100% [60]
10 mgL? 60 min

Moringa oleifera MB Solar light 93% [61]
20 mgL! 60 min

Leucaena leucocephala IC Solar light 97.52% This work

19.7 mgL*! 97 min

3.2.3 Kinetics study

IC dye degradation was analyzed using kinetics models, specifically the pseudo-first order and pseudo-second order models (Figure
6). The pseudo-first order model showed a higher coefficient of determination (R? = 0.9610) compared to the pseudo-second order
model (R? = 0.8029). Physisorption is a weak adsorption process that involves van der Waals interactions between the absorbent and
adsorbate, and it is described by the pseudo-first order model. When the solute concentration is low or equilibrium is reached, this
process can occur [62]. A rate constant of 0.1631 min-! was obtained using the pseudo-first order model.
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Figure 6 The plots of pseudo-first order (a), and pseudo-second order (b) models
3.2.4 A proposed mechanism for the photocatalytic breakdown of IC dye

A possible mechanism for the photocatalytic degradation of IC dye is shown in Figure 7. Photoexcited holes and electrons are
formed in the valence band (VB) and the conduction band (CB) of silver nanoparticles. This phenomenon occurs after irradiation of
the AgNP nanocatalysts [8]. The reaction primarily occurs at nanoparticle surfaces, where electrons in the valence band (VB) are excited
and transition to the conduction band (CB) upon exposure to solar irradiation. A positive hole (h*) is produced in the VB, while a
conduction electron (¢7) is generated in the CB. The presence of h* and e~ involves production of reactive radicals to degrade IC dye
in the mixture solution. The h* interacts with water molecules, leading to the generation of hydroxyl radicals (HO") and hydrogen ions
(H*). Additionally, the e~ of AgNPs converts dissolved oxygen (0,) into superoxide radical anions (05). Furthermore, the 05" reacts
with water molecules, resulting in the production of HO- and hydroperoxyl (HO;") radicals as final products. Photocatalytic degradation
of IC dye is significantly influenced by three photogenerated radicals, HO-, 05, and HO; [63, 64]. The proposed mechanism for the
degradation process of the IC dye is described in Equations (6) to (10).
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Figure 7 Proposed mechanism of photocatalytic degradation of IC dye (modified from Fouladi-Fard et al. [8], and Shaikh et al. [63])
4. Conclusions

AgNPs were successfully synthesized using Leucaena leucocephala leaf extract due to its phenolic compounds, which act as
reducing and capping agents. Moreover, the results demonstrate that spherical-shaped crystalline nanoparticles with an average
diameter of 7.29+0.05 nm, contain the silver element as supported by the above experimental results. The efficiency of green
synthesized AgNPs was assessed for the photocatalytic degradation of IC dye under solar irradiation using RSM based on a CCD
design. The optimal conditions for the process were a dye concentration of 19.7 mgL-1, catalyst volume of 4.47 mL, and reaction time
of 97 min, achieving a photocatalytic efficiency of 97.52%. Moreover, the pseudo-first order model was appropriate for fitting
photocatalytic degradation of IC dye, indicating that the rate of reaction depends on initial substrate concentration. It can be concluded
that the leaf extract of Leucaena leucocephala is reliable in producing AgNPs for removing IC dye from textile industry effluents. The
current study will aid in the manufacture of value-added products from Leucaena leucocephala, supporting the environment and
nanotechnology.
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