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2 Analysis of Variance

* Fourier Transform Infrared Spectroscopy
* Ultraviolet—Visible
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Abstract

Background and Objective: The study explores a green synthesis approach for silver
nanoparticles (AgNPs) using mulberry leaf extract (Morus spp.) as both a reducing and
stabilizing agent. The overarching goal is to identify how different heating methods influence the
synthesis process and to optimize two critical inputs—the extract concentration and the volume
of silver nitrate solution—to maximize nanoparticle yield while achieving desirable control over
particle size. The research seeks to elucidate how the chemical composition of the mulberry leaf
extract, characterized by functional groups capable of reducing Ag+ ions and stabilizing formed
AgNPs, interacts with processing conditions to yield a robust and eco-friendly synthesis route.
By employing a systematic experimental design and comprehensive analytical techniques, the
study aims to provide actionable insights into how to tune synthesis conditions for reproducible,
size-controlled AgNPs suitable for applications in catalysis, sensing, and antimicrobial
formulations.

Materials and Methods: Mulberry leaf extract was prepared and used as the dual-function
reagent in the reduction of silver ions and the stabilization of the resulting nanoparticles, with
silver nitrate as the metal precursor. A structured experimental design, specifically a factorial or
central composite design, was utilized to explore the influence of two independent variables: the
extract concentration and the volume of 1 mM AgNO; solution. The dependent responses
focused on nanoparticle concentration (yield) and average particle size, both of which are critical
for practical applications. A wide range of heating or processing methods were screened to
initiate nanoparticle formation, including conventional stirring with heating, ultrasound-assisted
synthesis, microwave irradiation, UV-light exposure, autoclaving, oven heating, bain-marie, and
ambient (dark) conditions. This broad comparison allowed assessment of how energy input and
processing modality affect reduction kinetics, nucleation, growth, and particle stabilization.
Analytical techniques included UV-Visible spectroscopy to monitor the characteristic plasmon
resonance of AgNPs and to infer particle formation and size distribution, as well as dynamic
light scattering (DLS) to quantify size distribution and average particle size. Fourier-transform
infrared spectroscopy (FTIR) of the mulberry leaf extract provided insight into the functional
groups involved in reduction and stabilization. Data were analyzed using statistical methods,
with analysis of variance (ANOVA) employed to evaluate linear, quadratic, and interaction
effects of the two factors. Regression models—typically quadratic—were fitted to the data to
quantify the curvature and interactions between extract concentration and AgNO3 volume, with
emphasis on model fit (e.g., R-squared values) and predictive adequacy.

Results: The mulberry leaf extract exhibits characteristic FTIR signals corresponding to
polyphenolic compounds and other organic functionalities capable of participating in the
reduction of Ag+ ions and stabilization of the formed nanoparticles. The presence of these
functional groups aligns with the proposed green synthesis mechanism, where biomolecules
mediate electron donation to silver ions and subsequently cap the nascent nanoparticles to
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prevent agglomeration. Across the heating methods, nanoparticle formation and size distribution
varied substantially, highlighting the importance of the energy input method. Generally, higher
extract concentrations and lower silver salt volumes favored larger yields of nanoparticles with
relatively smaller average sizes, whereas some energy-intensive methods (notably microwave-
assisted and UV-assisted approaches) promoted more rapid nucleation and, under suitable
conditions, yielded smaller average particle sizes. UV-Vis spectra consistent with AgNP
formation showed plasmon peaks near the expected wavelengths, and peak characteristics
(position and width) correlated with particle size—sharper and narrower peaks indicating more
uniform, smaller particles. The optimization analysis, based on the central composite design,
identified regions in the experimental space where a balance between high nanoparticle yield and
small particle size is achieved. The statistical models indicated significant linear and quadratic
effects of both extract concentration and AgNO3 volume, with interaction effects also
contributing to the response. The models demonstrated strong explanatory power, with high R-
squared values, indicating that the chosen factors effectively capture the observed variation in
yield and size. From the practical perspective, the results show a trade-off between maximizing
yield and minimizing size, with the best-performing conditions typically involving moderate to
high extract concentrations coupled with modest silver nitrate volumes. These conditions, when
coupled with an energy input modality that provides efficient reduction and stabilization, yielded
a robust population of AgNPs with controlled size distribution suitable for downstream
applications. The UV-Vis data corroborated the formation of nanoparticles, and DLS
measurements confirmed the targeted size ranges under the optimized conditions.

Conclusion: Mulberry leaf extract enables an effective green synthesis of silver nanoparticles,
with processing method and formulation parameters playing crucial roles in determining yield
and particle size. The study demonstrates that a carefully designed optimization framework can
delineate a region in which high nanoparticle yield and relatively small mean particle size are
achievable. The approach aligns with principles of green chemistry by using plant-derived,
naturally occurring reducing agents and minimizing harsh reagents or energy inputs. The
synthesized AgNPs under optimized conditions exhibit characteristics appropriate for catalytic,
sensing, and antimicrobial applications, and the findings contribute to a broader understanding of
how natural extracts can be leveraged for scalable, environmentally friendly nanomaterial
production.

Keywords: Green synthesis; Silver nanoparticles; Optimization; RSM; Plant Extract
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Figure 2 - Concentration response surface diagram of synthesized silver nanoparticles based on changes in
the concentration of mulberry leaf extract and the volume of silver nitrate solution
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Table 1 — Operating conditions of different methods for synthesizing silver nanoparticles
Olxad gl (addd) (4o (o) il 4 yo) oo o9
Description Time (min) Temperature (°C) Method
‘ .. . 'S
250 rpm 15 70 ges (Sar
Stirring heater
PRI
Frequency 200 Hz 15 70 gl A5
Ultrasound
L
Power 800 Watts 5 - * 9575
Microwave
Vs
Power 200 Watts — Distance 10 cm 15 - UV
UV lamp
Pressure 1.5 Bar 15 121 e
Autoclave
)
- 15 70 2
Oven
L‘° .
: 15 70 S
Bain-marie
Dark Environment 59, el S 70 Lo fSL“
Ambient
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Table 2 — Concentration and average size of silver nanoparticles synthesized using different methods

(M) 43 o316 puSSleo (PPM) 0 5 il ydgil cdale o9
Average particle size (nm) Concentration of silver Method
nanoparticles (ppm)
89 58.1 Stirring heater ,lus s e ,5
83 50.9 Ultrasound o g! ;2|
79 56.4 Microwave g5,
82 459 UV lamp UV wy
86 52.7 Autoclave ¢S s3!
91 53.9 oven 4!
96 39.7 Bain-marie L .y
108 31.6 Ambient temperature Lo gloo

Joo i ouls (o Gloy gl ol pod 4y Jilituo (g juiiio 1 pluS p2 4y bgy o gl -Y Jgur
Table 3 - Results for each of the independent variables along with the results predicted by the
model

Wnlg G piio Jwo 518 puiio
Dependent variables Independent
variables

(M) &3 oIl (Sl (PPM) 0,8 Wiyl cdale Lo ) Jolwo px> I pojlac clals
Average particle size (nm) Concentration of silver

nanoparticles (ppm) 08 Oyl y¥ g0 Wl Sy

(i) o) (i) ol 2,5)

- Volume of 1 mM Concentration of

Jue P Jue P! silver nitrate mulberry leaf
Model Laboratory Model Laboratory solution extract
(mL) (9/mL)
70.95 73 32.75 32.7 10 0.01 1
76.19 78 48.74 48.2 5 0.05 2
75.6 76 58.18 58.3 10 0.05 3
84.19 83 63.29 62.9 135 0.078 4
75.6 76 58.18 58.2 10 0.05 5
71.79 70 34.64 34.3 135 0.021 6



67.06
71.56
75.6
95.46
75.6
99.8
75.6

65
73
75
94
76
101
75
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41.89
50.58
58.18
53.44
58.18
61.18
58.18

42.3
511
58.4
53.8
57.9
61.2
58.1

6.5
15
10
6.5
10
10
10

0.021
0.05
0.05

0.078
0.05
0.09
0.05

10
11
12
13
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Table 4 - p-values related to green synthesis of silver nanoparticles (linear, quadratic and interaction effects)

Olyd 031l (Sl
(nm)
Average particle

0 i 3L cdale

(Ppm)

Concentration of silver
nanoparticles (ppm)

Jino (5 yuiito

Independent variables

Ol
Effects

size (nm)
Y2 Yl
p-value p-value
(Xl) °)L*"-c chale . &
0.000 0.000 Extract concentration (X,) (b)) Jsl 4z 55 &I Fl
- . First-order (linear)
0.039 0.004 () 515 Sad Jyloe o2 effects
Volume of metal salt solution ( X,)
X 2
0.000 0.000 12 £ 4z ;0 Wl ,il
0.252 0.000 X2 Second-order effects
XX Flio wl i1
0.003 0.000 (Ko )

Interaction effects
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Table 5 - Quadratic polynomial coefficients along with fitting coefficients for each dependent variable in the
synthesis of silver nanoparticles

(M) &1yd 031050 (pSileo 0y wlydgil cdalé ol

Average particle size (nm) (ppm) Coefficients
Concentration of silver
nanoparticles (ppm)

Y2 Yl
83.05 . &
304.18 (B.) et
Constants
15.85 66.47 Jol 4z s <l i
-2.54 Br By) b
4.30 First-order effects
Linear
7.08 -34.59 (ﬁrv sBH) P9 4= o
-1.25 -26.26 Second-order
-4.40 10.99 Brv) (Son ) Jilio el 51
Interaction

97.93% 99.89% R-square




