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Fig. 1. a) Hydrothermal autoclave (consisting of two cylindrical chambers) — b) General schematic of the assembled hydrothermal autoclave
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Table. 1. Coefficients and constants required to solve and model the system

Teflon chamber Steel chamber

.k
Density (~3 2100 7850
m
Specific heat capacity ( J ) 1006 550
Kg.K
Conductive heat transfer coefficient (_W ) 321 18
m.K
Poisson's ratio 0.49 -
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Fig. 2. Equation solution and simulation of different parts of hydrothermal autoclave and
selenium nanoparticles at different times
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Fig. 4. Different node configurations for solving heat transfer equations for hydrothermal autoclave simulation (a-c)
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Fig. 5. Size distribution of selenium nanoparticles.
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Fig. 6. Zeta potential of selenium nanoparticles
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Introduction: In recent years, the development of green technologies and sustainable approaches within
nanotechnology has attracted broad attention from researchers and diverse industries. These approaches
emphasize using natural materials and reducing resource and energy consumption to lessen environmental
impacts while supporting human health. Willow tree leaves contain bioactive compounds, such as phenolics and
flavonoids, which have the ability to reduce and stabilize selenium anions during the synthesis process and can
lead to the formation of nanoparticles with controlled size and shape. Simulation and modeling are among the
most powerful tools enabling progress in science as well as practical applications in daily life. This study
systematically explored the process of simulating the synthesis of selenium nanoparticles using willow leaf
extract under subcritical water conditions, aiming to reduce cost and time while improving the predictability of
outcomes. The main objective was to optimize key process parameters—such as temperature and residence
time—and to evaluate the physicochemical properties and stability of selenium nanoparticles produced via
simulation, using COMSOL Multiphysics. By combining green synthesis concepts with numerical modeling,
the study seeks to provide a feasible computational framework to guide experimental design, process scale-up,
and sustainable nanomaterial production.

Materials and methods: Willow leaves were washed and dried over five days to reduce moisture and microbial
load. From this material, 10 g of dried, powdered leaves were added to 100 mL of boiling water and extracted
for 10 min. The extract was filtered with Whatman paper No. 5 and stored at 4°C to preserve its integrity. For
selenium nanoparticle synthesis, 10 mL of willow leaf extract were mixed with 20 mL of 10 mM sodium
selenite solution. The mixture underwent hydrothermal treatment in a sealed autoclave under subcritical water
conditions at 200°C for varying times from 0 to 240 min in 10-min increments. This design enabled modeling
and simulation of the heating process under subcritical water, aligning with green chemistry principles. Key
parameters—temperature and residence time—were explored through comparative simulations across a matrix
of conditions to determine their influence on nanoparticle characteristics. Evaluations included particle size
distribution, polydispersity index, zeta potential, and functional attributes such as antioxidant activity and
antifungal efficacy.

Results and discussion: Optimal subcritical conditions were reached at 200°C with a residence time of 80 min.
Under these conditions, selenium nanoparticles exhibited: mean size =~ 95 nm, polydispersity index = 0.295, and
zeta potential = —19.8 mV, indicating good stability and a narrow size distribution. Antioxidant activity was
42%, and antifungal activity (diffusion method) was 76%. These results demonstrate that green synthesis under
subcritical water can yield selenium nanoparticles with favorable size, stability, and functional properties for
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potential biomedical and agricultural applications.

Conclusions: Simulating the green synthesis of selenium nanoparticles using willow leaf extract under
subcritical water conditions is a robust approach for predicting outcomes and reducing costs and time.
Temperature and time decisively affect size, stability, and bioactivity; precise tuning can produce nanoparticles
with desirable traits. This modeling-guided strategy can accelerate the development of selenium nanoparticles
for antifungal and antioxidant applications, while supporting sustainability and economic efficiency. The study
also highlights the value of integrating experimental study with computational design to enable rapid
optimization and scale-up in greener nanomaterial manufacturing.

Keywords: Selenium nanoparticles, willow leaf extract, simulation, subcritical water, antifungal, antioxidant



