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ARTICLE INFO ABSTRACT

Keywords: To produce functionalized mulching films with added agronomic benefits, poly(butylene succi-
Mulching film nate-co-adipate) (PBSA) composites were developed by incorporating small amounts (2-4 wt%) of
Biopolymer

two different zeolitic tuffs through melt compounding. One of the zeolitic tuffs, sourced as by-

ZMe,Ohte trient product of quarrying operations, was enriched in zinc ions (Zn®>*) by cation-exchange process,
1cronutrients . . . . . .
Zinc enabling the zeolite to act as a reservoir of an essential micronutrient for plant growth. All the

composite films were characterized in terms of mechanical and thermal properties to evaluate
their suitability for agricultural applications, where flexibility and thermal stability are critical.
Among the tested formulations, PBSA composites containing 4 wt% chabazite-rich zeolitic tuff
exhibited good mechanical performance, with suitable elongation at break values. The addition of
polyethylene glycol (PEG) enhanced filler dispersion, thereby preserving the mechanical prop-
erties of the composite. Kinetic release studies on composite granules and film demonstrated a
controlled release of Zn?*, with values of 14.9 +1.91 mg/kg and 9.33 +1.56 mg/kg for the
material in granular and film forms, respectively, after 96 h of extraction. Overall, the results
support the development of biodegradable mulching films that combine mechanical robustness
with functional agronomic benefits, potentially contributing to more sustainable and efficient
agricultural practices through weed suppression, soil protection, and micronutrient enrichment.

1. Introduction

The ongoing growth of the global population, combined with the progressive depletion and degradation of arable land, is exerting
increasing pressure on agricultural systems to enhance productivity in a sustainable way. One of the most effective strategies is the use
of mulching films, which have demonstrated a significant positive impact on crop performance (Akhir and Mustapha, 2022). Despite
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concerns regarding their environmental impact (Steinmetz et al., 2016), mulching films are widely recognized for their ability to
improve soil hydrothermal conditions, suppress parasitic weeds, limit soil erosion, and ultimately increase crop yield. However, the
environmental drawbacks of conventional mulching films are mainly associated with their composition. In fact, most are produced
from petroleum-derived, non-biodegradable polymers and often contain synthetic industrial additives (Bao et al., 2024; Salama and
Geyer, 2023; Tang, 2023; Khalid et al., 2023; Scopetani et al., 2025). Residual fragments of these materials can persist in the soil after
use, contributing to long-term contamination and potentially impairing soil health. Even when removed post-harvest, poly-
ethylene-based films are often heavily soiled and degraded, making recycling technically challenging and economically unfeasible (Yu
et al.,, 2024). In this context, biopolymers have emerged as a promising alternative for the production of environmentally friendly
mulching films (Serrano-Ruiz et al., 2021; Mansoor et al., 2022). Due to their biodegradability in soil, biopolymers, bio-copolymers,
and their blends are gaining interest as sustainable solutions (Miles et al., 2017; Dong et al., 2022; de Sousa et al., 2021; Parida et al.,
2022). Biodegradable mulching films have been associated with augmented microbial diversity and activity (Paliaga et al., 2025;
Zhang et al., 2024), parameters that are recognized as soil quality indicators in the framework of the European Green Deal (Orgiazzi
et al., 2022). Furthermore, to reduce production costs, still higher than those of conventional plastics, composite formulations
incorporating agro-industrial residues as fillers have been investigated (Pagliarini et al., 2023; Zhang et al., 2025; Sahoo and Rout,
2024; Merino et al., 2022).

Among currently available biodegradable polymers for agricultural mulching films poly(butylene succinate-co-adipate) (PBSA)
offers a particularly favorable balance between mechanical performance and soil biodegradability. Compared to polylactic acid (PLA),
PBSA exhibits significantly higher flexibility and elongation at break values, resulting in mechanical behavior closer to that of con-
ventional polyethylene mulches and improved resistance to cracking during installation and field use. Moreover, PBSA is able to
biodegrade under typical soil conditions, whereas PLA shows limited degradation at ambient temperatures and generally requires
industrial composting conditions to undergo effective hydrolysis. These limitations restrict the suitability of neat PLA for in-soil ap-
plications, despite its high stiffness and bio-based origin. In comparison with polyhydroxyalkanoates (PHAs), PBSA presents more
consistent processability and mechanical stability in film applications. Although PHAs are fully bio-based and readily biodegradable in
soil, many PHA grades exhibit brittleness, narrow processing windows, and high production costs, which currently limit their large-
scale adoption in agricultural mulching. PBSA, as a flexible aliphatic copolyester, allows tunable crystallinity and degradation rates
through copolymer composition, enabling the design of mulch films with controlled service life aligned with crop cycles. Overall, PBSA
represents a technically robust and economically viable alternative to PLA and PHA for biodegradable mulch films, particularly where
mechanical durability during cultivation and reliable soil biodegradation after use are required (Abbate et al., 2023).

Beyond biodegradability, further advances in mulching films can be made by functionalizing them to act as smart delivery systems.
Incorporating active functionalities such as the controlled release of nutrients or pesticides can significantly enhance agricultural
sustainability. During the growing season and especially at the end, once the films are incorporated into the soil, they slowly enrich the
soil with the functionalizing molecule, avoiding local toxicity and losses. Among nutrients, controlled delivery is particularly relevant
for zinc, since zinc deficiency is widely reported in agricultural soils and the effectiveness of soil-applied zinc can be limited by rapid
immobilization processes which reduce the concentration of readily available Zn** in the soil solution (Dhaliwal et al., 2022;
Moreno-Lora and Delgado, 2020; Noulas et al., 2018). Beyond these agronomic issues, zinc also play an essential role in human health:
zinc is a key element involved in numerous enzymatic functions, and its deficiency is recognized as a widespread nutritional problem,
particularly in developing countries (Kr¢zel and Maret, 2016; Younas et al., 2023). Chronic zinc deficiency can lead to irreversible
cognitive and physiological impairments, especially in children (Cakmak and Kutman, 2018). Inadequate zinc intake is often asso-
ciated with both low dietary diversity and poor zinc bioavailability in crops. It is, in fact, estimated that nearly half of the world’s
agricultural soils are zinc-deficient, ultimately resulting in lower levels of this micronutrient in edible crops (Liu et al., 2020).

Embedding a zinc carrier within a biodegradable mulching film offers potential agronomic advantages. Although the net effects are
soil-specific (Kader et al., 2017), this approach may ensure a uniform distribution of the micronutrient across the soil-film interface,
facilitating a sustained release throughout the cropping cycle. By synchronizing nutrient supply with crop demand, this system mit-
igates the risk of localized concentration peaks and streamlines field operations (Abbas et al., 2025; Priya et al., 2024). Unlike con-
ventional soil broadcasting, which is prone to nutrient fixation, or weather-dependent foliar sprays, functional mulching films provide
an integrated delivery platform that leverages an already established agricultural practice (Lateef et al., 2016; Correa et al., 2022;
Pagliarini, et al., 2023). Various inorganic and organic micro- or nano-porous materials have been explored as carriers for active
compounds like, for example, nutrients, pesticides and herbicides (Singh et al., 2022; Zhang et al., 2022, 2025). Incorporating a stable
nutrient carrier, such as zeolitic tuffs, into biodegradable mulching films could be further interesting as this could enhance the
slow-release effect (dos Santos Pereira et al., 2021). In fact, after film degradation and release of nutrients, zeolites remain in the soil,
potentially providing long-term benefits by increasing soil cation exchange capacity (CEC) and water-holding capacity, while also
mitigating soil greenhouse gas emissions associated with agricultural practices (Cataldo et al., 2021; Chen et al., 2025; Eslami et al.,
2018; Jarosz et al., 2022; Morante-Carballo et al., 2021).

Zeolitic tuffs are naturally occurring rocks formed through the diagenetic transformation of volcanic ash. Their mineralogical
composition varies depending on geological conditions, and they may contain up to 80 wt% of zeolite phases such as analcime,
chabazite, clinoptilolite, mordenite, and phillipsite (Bish and Ming, 2001). Importantly, their use in agriculture does not necessarily
require the development of new quarries. Instead, zeolite-rich by-products from existing quarrying operations, which are often dis-
carded as waste, can be valorized for this purpose (Malferrari et al., 2013; Galamini et al., 2024). These by-products originate, for
example, from sections of the quarry where the rock is naturally fractured and unsuitable for cutting into construction blocks (Faccini
et al., 2015).

Recent research (Galamini et al., 2024) has shown that zeolitic tuffs in powder form can be effectively used for the controlled
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release of zinc in soil. In the present paper, this feature is exploited to produce by direct melt mixing (i.e., without the use of solvents)
composite compounds to be converted in advanced biodegradable mulching systems that promote circular economy through waste
recycling, combining the benefits of weed suppression and soil conditioning with targeted nutrient delivery. By comparing a
chabazite-rich tuff (ZECh, 68.5 wt% chabazite) with a phillipsite/chabazite-bearing tuff (ZEPh, 32.4 wt% phillipsite and 21.1 wt%
chabazite), this study evaluated the hypothesis that divergent framework topologies (i.e., differences in channel dimensionality, pore
connectivity, exchange-site accessibility, and crystal habits of different zeolitic species) affect: (i) the mechanical and physical
incorporation of the zeolitic tuff into the PBSA matrix, (ii) the loading efficiency of Zn?* during the ion-exchange, and (iii) the sub-
sequent diffusion-mediated release of Zn?" from the composite film.

While both chabazite and phillipsite share similar chemical compositions, being zeolites capable of exchanging cations, they differ
significantly in their crystallographic structures, morphologies (crystal habit), and ion-exchange kinetics. Chabazite features large
elliptical cages with 8-membered ring openings and forms pseudo-cubic or rhombohedral crystals with well-developed cleavage.
Phillipsite, on the other hand, exhibits more disordered, non-uniform cages with anisotropic crystal growth, commonly forming
monoclinic tabular crystals with less prominent cleavage (irregular to conchoidal fracture). Although their CEC are comparable
(approximately 3.0-3.8 and 3.5-4.0 mEq/g for chabazite and phillipsite, respectively, their exchange kinetics may differ due to
structural differences, pore size, and channel connectivity (Bish and Ming, 2001; Malferrari et al., 2013). The lower structural density
and the more open, interconnected pore network of chabazite (three-dimensional channels interconnected via 8-rings) may facilitate
faster ion exchange compared to the more tortuous and narrower channels in some directions of phillipsite (2D or pseudo-3D, but more
anisotropic). Consequently, chabazite, due to its more open 3D pore connectivity, is expected to provide a faster Zn?>" loading and
release. Conversely, while the tabular habit of phillipsite may enhance the mechanical incorporation of the filler into polymeric
matrices, its anisotropic pore system likely constrains exchange-site accessibility and ion diffusion; this structural limitation may
influence both the Zn?" uptake efficiency during loading and the resulting kinetic profile of release.

These dynamics were evaluated using a series of PBSA-based composites prepared by melt blending the biopolymer with varying
concentrations of either virgin or Zn-exchanged zeolitic tuffs. The composite formulations were optimized to balance mechanical
integrity, filler dispersion, and functional performance. From the optimized batches, biodegradable films were fabricated and sub-
jected to controlled laboratory tests to evaluate the release profile of zinc.

2. Materials and methods
2.1. Materials

The PBSA employed in this study is a commercial biopolymer BioPBSTM FD92PM, PTTMCC Biochem (Dusseldorf, Germany)
characterized by the following composition (PBS)g7 — (PBA) 3 a glass transition temperature of —46 °C and a melting point of 85 °C.

Polyethylene glycol (PEG 6000), supplied by Sigma-Aldrich (St. Louis, MO, USA), was employed in the formulation as compati-
bilizer to enhance the dispersion of the inorganic filler within the polymer matrix. This grade of PEG has an average molecular weight
of 3350 g/mol and a melting point in the range of 54-58 °C.

The chemical and mineralogical characterization of the two zeolitic tuffs, net of small differences that may exist between different
samplings, is given in Malferrari et al. (2013) for ZECh (where it is referred to as Sorano) and in Supplementary material for ZEPh. Zinc
loading was carried out as indicated in Galamini et al. (2024). Briefly, 50 mL of 0.1 M ZnSO4-6H0 solution (previously acidified with a
few drops of concentrated HNOjs to facilitate solubilization) was added to 1.5 g of finely ground zeolitic tuff in closed PVF flasks and
stirred at 400 rpm for 24 h at 20 °C. The suspension was then centrifuged at 6000 rpm for 4 min and the supernatant separated from the
solid. The solid was then washed ten times with 50 mL of Millipore water each, stirred at 400 rpm for 5 min per wash, and the water
was removed by centrifugation at 6000 rpm for 2 min. The resulting powder was air-dried and gently ground using an agate mortar.
Infrared spectra before and after zinc loading were collected using an ATR FT-IR over the wavenumber range 650-4000 cm ™ * using a
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Fig. 1. FTIR spectra of virgin and Zn-exchanged zeolitic tuffs.
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Perkin Elmer Spectrum Three FT-IR spectrometer equipped with a Universal ATR sampling accessory (Perkin Elmer Inc. MA, USA).
Sixteen scans were taken for each spectrum at a resolution of 4 cm ! and average results are reported in Fig. 1. The bands at 3360 and
1634 cm™! are attributed to stretching and bending vibrations of the O-H group, respectively. The band between 1000 cm ™! and
960 cm ! is characteristic of zeolite structures and is associated with the asymmetric stretching vibration of $i-O-Si and Si-O-Al. The
signal around 685 cm ™! can be attributed to the symmetric stretching vibration of Si-O-Si, while the band at 601 cm™! corresponds to
the coupling vibration of the SiO4 and AlO, tetrahedra. Moreover, the bands in the range of 800-500 cm ™, in addition to being related
to the Si-O and Al-O tetrahedral units, are associated to the sorption of metal cations. Notably, the FT-IR spectrum of the zinc-modified
zeolite (ZECh(Zn)) showed no significant differences compared to the pristine material (ZECh), indicating that the zinc incorporation
process used does not alter the zeolite framework.

As will be better explained in 3.1, ZEPh was not exchanged with zinc as the polymer filled with virgin ZEPh returned low strain at
break values.

The thermal stability of the fillers, investigated by thermogravimetric analysis (TGA) using a TGA 55 Discovery model (TA In-
strument, Delaware, USA) in nitrogen flow (40 mL/min), is reported in Fig. 2. Prior to analyses, the zeolitic tuffs were treated at 60 °C
under vacuum for 12 h. As shown, the thermal behavior of the powders is similar, particularly in the zone of interest (below 130 °C),
which correspond to the temperature range of the compounding process. Notably, the ion exchange does not alter the weight loss at
low temperatures; however, the thermal treatment at 60 °C is not sufficient to completely remove moisture, leaving about 5 wt%
residual humidity.

2.2. Composite manufacturing

Biocomposites were prepared by melt mixing using a Brabender compounder PL-2000 Plasti-Corder (Anton Paar, Graz, Austria).
Batch compositions are reported in Table 1. Both PBSA pellets and zeolitic tuffs were previously dried at 60 °C under vacuum for 12 h
to minimize moisture and avoid polymer degradation. After PBSA melting, PEG6000, when included as a compatibilizer, was added in
powder form, maintaining a fixed PEG:zeolite mass ratio of 1:2 (Hongsriphan et al., 2019), with the aim of promoting the homoge-
neous dispersion of the inorganic phase within the polymer matrix. A PEG-free series was also prepared to evaluate its influence on
filler dispersion. Subsequently, the zeolitic tuff powders were incorporated, and mixing was conducted for 4 min at 100 rpm and 130
°C under identical processing conditions for all formulations.

Composite production and characterization were conducted in incremental steps, guided by performance test feedback. Conse-
quently, as better detailed in 3.1, only select combinations were prepared, rather than all possible permutations.

For the characterizations, the obtained composites were cryogenically ground using liquid nitrogen to obtain fine granules suitable
for further processing. Dog-bone specimens, compliant with ISO 527-2 Type 1BA, were produced via injection molding using a
Babyplast 6/12 injection moulder (Rambaldi Group, Molteno (LC), Italy) for mechanical testing. Additionally, films with a thickness of
200 + 20 um were prepared through compression molding and submitted to further testing.

2.3. Composite characterizations

The molecular weight distribution of the polymer samples after the compounding process was investigated by Gel Permeation
Chromatography (GPC), model Azura HP 1100 (KNAUER, Berlin, Germany) equipped with a PL gel 5 pm Minimixed-C column, a
refractive index detector, using as solvent and as eluting phase CHCl3 at 30 °C and 0.3 mL/min flow. A calibration plot was constructed
with monodisperse polystyrene standards.

TGA was operated in nitrogen atmosphere for all samples, using the previously described instrument at a 10 °C min~! heating rate
from 50 to 800 °C and a gas flow of 30 mL min~'. The onset degradation temperatures (Topset) Were taken from the intersection of the
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Fig. 2. TGA of virgin and Zn-exchanged zeolitic tuffs.
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Table 1

Tags and composition of the investigated composites.
Sample PBSA Zeolitic tuff PEG

(Wt%) (Wt%) (wt%)

PBSA 100 0 0
PBSA/ZECh2 98 2 0
PBSA/ZECh4 96 4 0
PBSA/PEG 99 0 1
PBSA/PEG/ZECh2 97 2 1
PBSA/PEG/ZECh4 94 4 2
PBSA/PEG/ZEPh4 94 4 2
PBSA/PEG/ZECh(Zn)4 94 4 2

tangents between the initial point and the inflection point, Tp.x Were calculated as the temperature of the maximum degradation rate,
while Tsy, were determined as the temperature at which 5% weight loss was reached.

Differential scanning calorimetry was carried out by means of a TA Q10 DSC (TA Instrument, Delaware, USA) in nitrogen flux
(20 mL/min) at 10 °C min~! rate. The following scan sequences were applied: heating from 30 to 170 °C at 10 °C min ™}, holding for
1 min to erase the previous thermal history, cooling from 170 to —60 °C at 10 °C min~}, holding at —60 °C for 3 min and last scan
heating up to 170 °C at the same rate. Integrating the melting peak of the last scan and assuming a melting enthalpy of the crystalline
phase (AHY) of 116.9 J g1 (Minichiello et al., 2025), the crystallinity index (CI) of the tested samples was derived according to Eq.
1):

AH,,

CL(%) = g~ 100 €3]

where f is the amount of polymer fraction in the samples.

To evaluate the flexibility of the developed materials for potential application as mulching films, their mechanical properties were
assessed. The tensile properties of neat PBSA and its composites were measured at T = 25 + 1 °C and a strain rate of 50 mm/min by
means of an INSTRON 5966 series test apparatus (INSTRON, Pianezza (TO), Italy) equipped with a 10 kN load cell, without applying a
preload according to the standard ISO 527-1. At least five specimens for each composition were tested. The software reported the
stress-strain graphs for each composition and calculated the value of Young's modulus according to the slope of linear part of these
curves without the use of an extensometer.

The brittle fracture surfaces of the dog-bone specimen relevant to the most promising compositions were observed by scanning
electron microscopy (XL 20 Philips, FEI, Hillsboro, OR, USA) after gold metallization by means of a Quorum 150 R ES (Quorum
Technologies Ltd., East Sussex, UK).

Zn>* release over time was evaluated in 0.01 M CaClz as a standardized unbuffered electrolyte, commonly used in soil chemistry to
approximate soil-solution ionic strength and to estimate the readily exchangeable metal fraction under controlled conditions.
Therefore, the obtained values are mainly indicative of exchangeable Zn and of the characteristics of the exchange complex (Conti
et al., 2000; Houba et al., 2000; Kaur et al., 2024; Pueyo et al., 2004). However, this simplified medium does not reproduce the full
complexity of soil environments (e.g., variable pH, dissolved organic matter, heterogeneous sorption sites and multi-ion competition),
and therefore the measured release profiles should be interpreted as potential Zn** release under controlled ionic strength rather than
as direct field predictions. The tests were carried out both on the granular material and on films.

Kinetic tests were performed for PBSA/PEG/ZE(Zn)4 with three replicates per sample. For both granules and films, 0.2 g of material
was placed in contact with 10 g of the extracting solution in closed centrifuge tubes. The mulching film was initially cutinto 1 x 1 cm
squares. Then, the supernatant was separated at different time points (3, 6, 18, 24, 48, and 96 h) and filtered with 0.2 pm nylon syringe
filters. The separated liquid was acidified by adding 0.1 g of HNOs (this slight dilution was accounted for in the subsequent calcu-
lations). The samples were analyzed with an ICP-MS (model: Thermo Fisher Scientific, Waltham, MA, USA). Kinetic modelling was
performed without using linearization to avoid parameter estimation bias (Wang et al., 2024). For each time points, the mean value of
the three replicates (q;) was used in the fitting procedure. Kinetic modelling was performed in R Studio with PUPAK package
(Magalong et al., 2022).

The release of Zn** from PBSA/PEG/ZECh(Zn)4 was evaluated till the maximum tested time (96 h) for both granular and film
samples and compared with the zinc-depleted material (PBSA/PEG/ZECh4) as well as the material without zeolitic tuff (PBSA/PEG).
Three replicates were used for each sample. To assess the significance of the differences observed in Zn** release (p < 0.05), parametric
tests including Analysis of Variance (ANOVA) and Tukey’s HSD were applied to data meeting the assumptions of normality and ho-
moscedasticity (verified through Shapiro-Wilk and Bartlett tests). For datasets that did not meet these assumptions, the non-
parametric Kruskal-Wallis test was used. Statistical analyses were performed with R Studio, with the Agricolae and MASS packages
(de Mendiburu, 2006; Venables and Ripley, 2002, respectively).



G. Galamini et al. Environmental Technology & Innovation 42 (2026) 104908

Table 2

DSC results of the investigated materials.
Sample Tm CO* AHp, (J/8)* T. (°Cy AH. (J/8) Ty (O)* CI

(%)

PBSA 87 49 36 49 -47 42
PBSA/ZECh2 87 49 37 49 -46 43
PBSA/ZECh4 87 49 37 49 -46 44
PBSA/PEG 87 51 37 50 -46 44
PBSA/PEG/ZECh2 86 49 37 49 -46 44
PBSA/PEG/ZECh4 86 49 39 49 -47 45
PBSA/PEG/ZEPh4 87 48 38 48 -47 44
PBSA/PEG/ZECh(Zn)4 87 48 37 47 -47 44

*From the third heating scan, " from the second cooling scan

Table 3

TGA results of the investigated materials.
Sample Tonset Tmax (°C) Tso, Residue* (%)

(Y] (§Y)]

PBSA 360 408 361 1
PBSA/ZECh2 359 392 345 2
PBSA/ZECh4 352 384 346 4
PBSA/PEG 357 390 351 1
PBSA/PEG/ZECh2 354 394 344 2
PBSA/PEG/ZECh4 353 390 349 4
PBSA/PEG/ZEPh4 352 383 346 4
PBSA/PEG/ZECh(Zn)4 347 382 342 4

*Measured at 700°C

3. Results and discussion
3.1. Filler and PEG effect on material properties

To gain deeper understanding of how the material composition affects overall performance, the thermal and mechanical properties
of the composites were thoroughly investigated. Particular attention was given to understand the role of the zeolitic tuff filler and the
addition of PEG, in order to assess their influence on key thermal transitions and structural features. For this purpose, composites
containing varying amounts of ZECh and PEG were initially prepared (Table 1) and, after determining that 4 wt% was the optimal
zeolitic tuff dosage and that 2 wt% PEG addition improved performance, the ZEPh composite was prepared exclusively at these
optimal concentrations (sample PBSA/PEG/ZEPh4, Table 1). However, since this material failed subsequent mechanical tests, the
corresponding zinc-exchanged ZEPh composite was not prepared. Instead, the focus was posed solely on that with ZECh (PBSA/PEG/
ZECh(Zn)4, Table 1).

Notably, the effects of zeolitic tuff and PEG were first evaluated with respect to the thermal behavior of the materials (Table 2) by
DSC. In all specimens, the glass transition (Tg) and melting temperatures (Ty,) remained essentially unchanged. Regarding the crys-
tallization process, both PEG and the zeolitic tuff exhibited a slight nucleating effect, though acting in a non-synergistic manner, as
indicated by a modest increase in the crystallization temperature (T.) and the crystalline index (CI). This enhancement is not expected

100
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60
PBSA/PEG/ZECIM

(%)

PBSA/PEG/ZECh(Zn)4
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0 e —
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Fig. 3. TGA of some selected materials.
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Table 4

GPC results of selected materials.
Sample M, (g/mol) M,, (g/mol) D*
PBSA 49300 84500 1.7
PBSA/ZECh4 40700 88000 2.2
PBSA/PEG 41000 86500 2.1
PBSA/PEG/ZECh4 42800 92900 2.2
PBSA/PEG/ZECh(Zn)4 40500 89500 2.2

*Polidispersity index

Table 5

Mechanical properties of the investigated materials.
Sample Young Modulus (MPa) Stress at break (MPa) Strain at break

(%)

PBSA 298 £ 5 17.8 + 1.7 383 £21
PBSA/ZECh2 332+5 149+ 1.6 225 £ 15
PBSA/ZECh4 331 +£12 127 + 1.4 180 +£ 11
PBSA/PEG 307 £ 2 179+ 1.2 355 + 23
PBSA/PEG/ZECh2 325+5 16.7 £ 1.5 259 +£ 16
PBSA/PEG/ZECh4 282 + 30 16.8 +1.4 262 +£12
PBSA/PEG/ZEPh4 280 + 24 15.8 + 0.7 211 + 34
PBSA/PEG/ZECh(Zn)4 275 + 28 14.3+0.8 250 +£ 8

to significantly affect the degradation rate of the PBSA matrix once the polymer is dispersed in soil, as observed in other materials (de
Souza Vieira et al., 2021; Soulis et al., 2012).

The parameters related to the thermal stability, investigated by TGA under nitrogen atmosphere, are summarized in Table 3 while
the thermograms are depicted in Fig. 3. Both the presence of the filler and PEG influence the thermal stability of the composites. In fact,
both the Tonset and the Tso, are reduced, but they still remain well above the polymer processing temperature (130 °C) implying a
negligible effect on polymer properties. Regarding the effect of the zinc ions, which are known to decrease the polymers thermal
stability (Li et al., 2015; Klun and Krzan, 2003), it is again relatively limited, an indication that the Zn?* cations are effectively
entrapped within the structural channels of the zeolite, thereby minimizing their diffusion into the polymer matrix during com-
pounding and subsequent processing steps. Additionally, the final residue increases with the rising of filler content, indicating a
proportional contribution of the inorganic fraction to the overall thermal stability of the composites.

The potential degradation of PBSA in contact with the filler during the compounding stage was evaluated by GPC for the com-
positions with higher filler loading of ZECh. The molecular weight data reported in Table 4 show that the average molecular weights
(My,) of the samples containing the zeolitic tuff are comparable to those of the unloaded matrix after melt mixing. Although a slight
increase in polydispersity is observed in all samples, indicating some rearrangement in the molecular weight distribution, no evidence
of degradation process can be identified despite the presence of a small amount of water in the fillers (see Fig. 2).

The mechanical properties of the investigated samples are reported in Table 5. As can be observed, the effect of the filler on the
elastic modulus is relatively limited in the samples (+ 10%). From the DSC results also the effect of increased crystallinity can be ruled
out. More significant is the effect on the other parameters. Without the presence of PEG the dispersion of the filler leads to a marked
decrease in both stress and strain at break. While the addition of PEG alone does not change the properties of neat PBSA, but it
effectively mitigates the embrittlement of the composites, even at the highest filler content. Notably, the polar groups of PEG can
promote the homogeneous dispersion of the inorganic filler by enhancing polymer-filler interfacial compatibility and preventing
particle aggregation. This bridging action between the polar filler surface and the polymer matrix may contribute to reducing
interfacial defects (Bendahou et al. 2015). This allows the strain at break to remain above 250%, but only in case of ZECh filler. For this
reason, the use of the ZEPh filler was abandoned in the last part of the research, due to the lower elongation at break values observed
for the corresponding composites and their relatively higher standard deviation (more than double of the relative chabazite com-
posite). This mechanical behaviour could be attributed to the tabular morphology of phillipsite particles. Although such a morphology
could theoretically favor alignment within the polymer film, in practice it can lead to an uneven dispersion and the formation of
preferential aggregation zones. These inhomogeneities likely acted as stress concentration points, promoting premature failure under
tensile deformation and resulting in reduced ductility and higher data variability. Moreover, despite a slightly lower stress at break
compared to PBSA/PEG/ZECh4, the final, targeted formulation, PBSA/PEG/ZECh(Zn)4, still maintains high elongation.

The microstructure of the samples with the highest tuff amount (4 wt%) is compared in Fig. 4. Although no remarkable differences
are observed, in the samples formulated without PEG, an imperfect adhesion of the inorganic phase to the polymer matrix is visible
(Fig. 4 left) leading to the presence of large porosities at the interphase. In the other two samples, an effective interaction/adhesion
between the phases takes place but larger particles are found in the ZEPh samples (Fig. 4 centre) than in ZECh samples (Fig. 4 right) a
feature that can explain the reduced plastic deformation of the former composition.



G. Galamini et al.

Environmental Technology & Innovation 42 (2026) 104908

Fig. 4. Microstructure of samples PBSA/ZECh4 (left), PBSA/PEG/ZEPh4 (centre) and PBSA/PEG/ZECh4 (right).

3.2. Release kinetic of Zn®"

The time-dependent release of Zn** was evaluated in a 0.01 M CaCl: solution, to simulate soil pore water and assess zinc availability
under conditions relevant to practical application (Conti et al., 2000; Houba et al., 2000). As established in 2.3, while 0.01 M CaCl
serves a reproducible background electrolyte to compare formulations, Zn** availability in natural soil environments are subject to a
multitude of competing physicochemical processes that may lead to divergent behavior. Soil pH can alter zinc speciation and solubility
and can shift the balance between exchangeable and adsorbed pools (Sanders and El Kherbawy, 1987). In addition, the soil organic
matter may complex zinc and modify its activity either promoting zinc mobilization (by complexation-driven desorption) or reducing
its bioavailability (Cheng and Allen, 2006). Competing cations typical of soil solutions (e.g., Ca*, Mg, K*, NH4*, Na*) may affect

a

Weber-Morris

qt (mg/kg)

c

=)
w

4 5
time®* (h*%)

10 ‘Weber-Morris

qt (mg/kg)

i

4 5
time®* (h*%)

qt (mg/kg)

qt (mg/kg)

10

6

10

b

Elovich

20 30 40 50

time (h)

20 30 40 50
time (h)  ==ee- Granules

Fig. 5. Representation of the best-fitting kinetic models as Elovich [q, (mg Zn%>"kg™!) vs. time (h)], and Weber-Morris [qt (mg Zn?*kg ™) vs. time®S
(h%®)] for the release of Zn? from PBSA/PEG/ZECh(Zn)s. (A) Weber-Morris model for granules, (B) Elovich model for granules, (C) Weber—Morris
model for mulching films, and (D) Elovich model for mulching films. Data points represent the mean of replicates, and the standard errors of the
mean (SEM) are shown as error bars. Film-like specimens exhibited a lower cumulative 7Zn" release than granules, consistent with polymer-matrix

mass-transfer limitations that reduce the early-time release contribution.
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competitive exchange on zeolite sites and influence diffusion gradients, thereby changing both the extent and the kinetics of zinc
release compared with the CaClz-only system (Inglezakis et al., 2005). Finally, agricultural practices and land management changes (e.
g., organic vs. mineral fertilization, tillage regime, etc.) induce significant modifications in the soil ecosystem and physicochemical
properties, affecting the availability of zinc and micronutrients in general (Herencia et al., 2011; de Santiago et al., 2008).

For these reasons, the kinetic trends observed here are discussed as comparative performance under controlled ionic strength, and
further validation under representative soil conditions is required to translate these results into agronomic release scenarios. Release
behavior was analyzed for both granular material and PBSA-based films. As a matter of fact, the release mechanism could be driven by
multiple processes evolving over time. In the early stages, when the polymer matrix is still structurally intact, Zn?* release is driven by
ion-exchange processes between Zn** immobilized in the modified zeolitic tuffs and the ions present in the surrounding medium. As
PBSA degradation progresses, the increase in matrix porosity and the loss of structural continuity enhance the exposure of the zeolitic
phase and facilitate Zn?* diffusion (Minichiello et al., 2025). Consequently, polymer matrix degradation becomes a key factor con-
trolling Zn?* release at later stages. The plot of the release of Zn** (mg kg™!) by PBSE/PEG/ZECh(Zn)4 in granule or film form, is
shown in Fig. 5, where are reported the two best fitting models (Weber-Morris intraparticle diffusion and Elovich). The minimal
difference between q; at 48 h and 96 h suggests that near-equilibrium conditions were reached within the first 48 h. The data point at
96 h was therefore not included in the kinetic modeling. Statistical and kinetic parameters of the four best fitting models are reported
in Tables 6 and 7, respectively, for the release of Zn>* (mg/kg) by PBSA/PEG/ZECh(Zn)4 in granule and film form.

Among the models tested, Weber-Morris provided the best description of the Zn?* release from PBSA/PEG/ZECh(Zn)4 for both
mulching film and granules, with the highest R? values and the lowest AIC. The Elovich model also described the release kinetics well,
confirming its relevance in representing the release behavior.

Weber-Morris intraparticle diffusion is represented by Eq. (2) (Wu et al., 2009):

q = kpt™* +C @

where, in this context of release kinetics, q; is defined as the Zn?" release capacity at time t (mg Zn%* kg’l) or time-dependent release
capacity, kyp is the intraparticle diffusion constant (mg kg~! h=%%), t is time (h®®), and C is a constant related the boundary layer effect
in the diffusion of Zn®" outside the material. Specifically, C represents the resistance to surface diffusion. When C = 0, intraparticle
diffusion can be assumed to be the sole rate-limiting mechanism, with no boundary layer effects.

Although the Elovich model was originally developed for chemisorption, it has also shown good predictive capacity in ion-
exchange systems such as zeolites (e.g., Noroozifar et al., 2014). Elovich equation is reported in Eq. (3) (Qiu et al., 2009):

q = %ln(l +apt) 3)
where q is the Zn?* release capacity at time t (mg Zn?* kg™1), tis time (h), « is the initial Zn?* releasing rate (mg Zn? kg~ h™"), and f is
the desorption constant (kg mg™1). Specifically, B is related to the rate at which the Zn?" release declines from the maximum initial
value, determined by a.

The Elovich model suggests that the release of Zn>* by PBSA/PEG/ZECh(Zn)4 was governed by heterogeneous interactions where
the activation energy changes as a function of the surface coverage (p). Zeolites have a heterogeneous structure, which is likely even
more pronounced in natural materials such as the zeolitic tuff used. Specifically, it is recognized that surface heterogeneity in zeolites
results from: i) structurally different channels and cages, ii) crystal growth-related defects, and iii) hydroxyl groups heterogeneity
(Datka et al., 1995). Moreover, Wennmacher et al. (2020) found that unequal distribution of aluminum not only caused uneven
distribution of physicochemical characteristics in zeolites but also produced distinct habitus of the mineral.

The Weber-Morris model suggests the occurrence of diffusional constraints, as confirmed by the positive intercept C values,
especially for granules. In systems controlled solely by internal diffusion, the intercept C is equal to zero. Conversely, C is higher than
zero if the boundary layer plays a significant role as a limiting factor (limited film diffusivity), namely, when there is significant
resistance to the external mass transfer. In this study, C is positive, indicating that the release of Zn** into the aqueous phase was
affected by the boundary layer, especially for granules.

The Elovich model showed o values remarkably high compared to the highest q; measured (q; at 96 h: 14.9 + 1.9 and 9.33
+ 1.56 mg kg~! for granules and mulching film, respectively). The initial release of Zn2* was therefore rapid; moreover, the granules
exhibited a higher initial release rate compared to the mulching film. The relatively high values of p, which represent the rate at which
the initial Zn?" release rate () declines over time, indicate that the release rapidly decreased, indicating potential for slow releasing.

Overall, kinetic modelling suggests the occurrence of multiple rate-limiting processes, which is consistent with ion-exchangers,
such as zeolites (Noroozifar et al., 2014). Beyond the goodness-of-fit, the lower cumulative Zn** release measured for the film spec-
imens (9.33 & 1.56 mg kg™ at 96 h) compared with granules (14.9 + 1.9 mg kg™!) can be rationalized by additional mass-transfer
constraints imposed by the polymer matrix. In film-like samples, a larger fraction of the zeolitic tuff is effectively encapsulated
within PBSA; therefore, Ca**/electrolyte access to ion-exchange sites and the subsequent outward diffusion of released Zn** require
transport through (or along) the polymer phase. This polymeric barrier is expected to reduce both the extent and the apparent rate of
release within the investigated timeframe (Govil et al., 2024). Conversely, the granule morphology typically features a higher pro-
portion of exposed or near-surface filler at fragmented faces and surface irregularities. This facilitates more rapid exchange at the
solid/liquid interface, providing greater site accessibility and resulting in a significantly higher cumulative release. Within the
Weber-Morris framework, the higher intercept C observed for granules (3.94 vs 1.25 mg kg™') is consistent with a greater contribution
from fast release occurring at readily accessible surface/near-surface sites. In contrast, the lower C value for the films reflects a smaller
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Table 6

Statistical parameters of the best fitting kinetic models for the release of Zn®" in simulated soil water by PBSA/PEG/ZECh(Zn)4 in powder and film
form. The acronyms are: RMSE (Root Mean Square Errors), MAE (Mean Absolute Error), and AIC (Akaike Information Criterion). R refers to the
linearizations of the Elovich, Pseudo 1st order, and Pseudo 2nd order models, or to the linear Weber—-Morris model.

Models R? RMSE MAE AIC
Granules Weber-Morris 0.936 0.687 0.552 0.251
Elovich 0.939 0.809 0.678 1.88
Pseudo-second-order 0.896 1.08 0.853 4.81
Pseudo-first-order 0.807 1.44 1.13 7.63
Film Weber-Morris 0.993 0.180 0.146 -13.1
Elovich 0.939 0.529 0.437 -2.36
Pseudo-second-order 0.870 0.771 0.639 1.40
Pseudo-first-order 0.757 1.05 0.854 4.51

Table 7
Kinetic parameters for the release of Zn>" in simulated soil water by PBSA/PEG/ZE(Zn)4.
Models Kinetic parameter 1 Kinetic parameter 2
Granules Weber—Morris kip (mg kg~ ' h™%%) 1.45 C (mg kg™ 3.94
Elovich a(mgkg 'h™) 6.79 4+ 2.17 p (kg mg™ 1) 0.360 + 0.047
Pseudo-second-order ko (kg mg’1 h 0.0161 £ 0.0037 Qe (mg kg’l) 13.7+0.8
Pseudo-first-order ki (h™Y) 0.194 + 0.022 qe (mg kg’l) 11.6 £ 0.5
Film Weber-Morris kip (mg kg~ h™%%) 1.12 C (mgkg™) 1.25
Elovich a (mgkg'h™h) 1.93 + 0.57 p (kg mg™1) 0.446 + 0.084
Pseudo-second-order ky (kgmg ' h™1) 0.0142 + 0.0048 qe (mg kg ™) 9.25 + 0.98
Pseudo-first-order ki (b1 0.131 + 0.021 Qe (mg kg™) 7.46 + 0.59

surface-accessible fraction and the introduction of a secondary rate-controlling step (i.e., diffusion through the polymer matrix) which
attenuates the early-stage release (Wu et al., 2009).

4. Conclusions

In this study, PBSA-based composites incorporating zeolitic tuff fillers by melt mixing were developed and evaluated for potential
use in biodegradable mulching films. The incorporation of PEG played a key role in enhancing polymer-filler interfacial compatibility,
thereby preserving the mechanical integrity of the films even at higher filler loadings. Among the formulations tested, the addition of
4 wt% of chabazite-rich zeolitic tuff proved particularly effective, enabling the production of films with satisfactory elongation at
break values. In contrast, the incorporation of phillipsite-rich tuff resulted in diminished mechanical performance. This outcome is
attributed to the tabular morphology of the crystals which, contrary to expectations, likely impeded uniform dispersion and weakened
interfacial adhesion within the polymer matrix. Furthermore, the incorporation of Zn-loaded chabazite-rich zeolitic tuff enabled a
sustained, gradual Zn?" release under standardized conditions in 0.01 M CaCls, supporting the potential of these composites as
functional biodegradable mulches for controlled micronutrient delivery. Nevertheless, these laboratory findings should be validated
through field trials, where the effects of soil heterogeneity and environmental variables (e.g., pH fluctuations, cation competition, and
organic ligands) can be fully accounted for. Overall, PBSA/PEG composites filled with Zn-exchanged chabazite-rich tuff represent a
promising platform that combines mechanical reliability with added nutrient-release functionality.
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