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ABSTRACT
Currently, plant extracts have been widely considered as components that can be incorporated into nanocomposite made up of ZnO, Fe3O4, and chitosan to form photoprotective materials. However, there has been no theoretical guideline regarding 

how the type of plant extracts as well as their proportion needs to be chosen for such material design process. In this paper, a physics-based coupled mathematical model was developed to predict the photoprotective performance and the piezoelectric 

response in the ZnO-Fe3O4-chitosan material containing plant extracts. The optical extinction was obtained according to Mie theory. For photoprotection purpose, erythema weighted absorptivity was calculated [1]. The hole trapping kinetics and competitive 

binding of ligands were modeled. The equilibrium constants for the ligands that bind sequentially to iron were determined. Interfacial electron and ion transfer processes as well as the Debye-Huckel screening effect on piezopotential were considered as the 

piezoelectric mechanisms. Modeling results were analyzed based on the approach of uncertainty quantification and global sensitivity analysis [2]. The analysis of the modeling results revealed three main conclusions in the range of investigated parameters. 

First, Arnica extract showed greater overlap with the erythema-weighted spectral region than sea buckthorn extract, indicating higher erythema-weighted absorptivity. Second, increasing surface coverage enhanced suppression of photogenerated reactive 

oxygen species while simultaneously increasing charge-induced screening of the piezopotential; hence, a trade-off exists between photoprotective and piezoelectric responses. Sea buckthorn exhibited an intermediate optimum coverage, whereas Arnica 

reached its highest combined response at the maximum coverage investigated. Third, lower chitosan fractions contributed to improved model figures of merit among the tested formulations. Sensitivity analysis revealed distinct dominant parameters 

governing photoprotective and piezoelectric outputs, respectively.
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Two nanocomposite gels were modelled in MATLAB, identical except for the extract 

adsorbed on the ZnO surface: sea buckthorn or Arnica. Full Mie extinction of the ZnO and 

Fe3O4 particles, together with the assumed extract absorptivity, gives an erythema-weighted in 

vitro SPF (Eq. 1). Competitive Langmuir adsorption fixes the surface coverage θ, which traps 

photogenerated holes but also screens the piezopotential (Eq. 2). Uncertainty is propagated by 

paired Monte-Carlo sampling and variance-based Sobol indices.

Figure 1. Assumed specific absorptivity of the two extracts against the 

UVA/UVB windows (a), the ZnO absorption edge (b), the solar × 

erythemal weighting (c) and the resulting erythema-weighted 

absorptivity (d).

Figure 2. Model in vitro SPF (a), photocatalytic (b) and Fenton (c) ROS 

indices and the resulting figure of merit (d) for six ZnO : Fe3O4 : chitosan 

mass ratios, with and without extract.

Figure 3. Free-carrier density (a) and Debye screening length (b) against model surface coverage θ; the 

markers are the working points set by competitive Langmuir adsorption.

Figure 4. Retained piezoelectric response against UV photocatalytic ROS suppression (a), and the product of 

the two against surface coverage (b), which locates the optimum of each extract.

Figure 5. First-order and total-effect Sobol indices for the two figures of merit (a, b) and for the two required 

applied stresses (c, d); parameters with ST < 0.02 everywhere are listed below.

Figure 6. Paired Monte-Carlo distributions of the figure of merit (a) and of the required applied stress (b), 

their paired difference (c), and the fraction of samples won under both schemes (d).

➢ Arnica's 328–350 nm band lies inside the erythemal window: its erythema-weighted 

absorptivity is 9.0 against 3.4 L g-1 cm-1 for sea buckthorn, a factor of 2.6.

➢ Adding ≈ 7% extract lowers the model SPF by ≈ 36%, and within the tested formulations the 

figure of merit is raised by low chitosan content, not by the choice of extract.

➢ The coverage that suppresses UV photocatalytic ROS also collapses λD from ≈ 36 nm to 1.0–

1.9 nm: the optimum is θ ≈ 0.40 for sea buckthorn but θ = 1 for Arnica, and only the 

piezoelectric ranking survives uncertainty.

➢ Equation 1 — Erythema-weighted attenuation of the composite film

where I and S are the assumed solar spectrum and the CIE erythemal action spectrum (ISO 

17166), and τ(λ) = (3/4)∑i(fi/Ri)Qext,i(λ)L + ln10·εE(λ)cEL is the optical thickness of the film of 

thickness L.

𝑆𝑃𝐹 =
∫ 𝐼 𝜆 𝑆 𝜆 𝑑𝜆

∫ 𝐼 𝜆 𝑆 𝜆 𝑒−𝜏 𝜆 𝑑𝜆

➢ Equation 2 — Debye screening of the piezopotential

𝜆𝐷 =
𝜀𝑟𝜀0𝑘𝐵𝑇

𝑞2𝑛𝑒
, 𝑛𝑒 = 𝑛𝑒0 +

3𝑁𝑠𝑓𝐶𝑇 𝜃

𝑅

where θ = KadsCL/(1 + KadsCL + KchmchCch) is the competitive Langmuir coverage, Ns = 5·1018 

m-2 the site density, fCT the charge donated per site (0.030 against 0.012), and fs = (1 + L/αλD)-

1 the retained piezopotential.
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