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Agro-industrial bio-wastes, including maize, grape seed and sunflower residues, have been widely investigated as
sustainable alternatives to conventional petroleum-based additives and mineral fillers in polymer composites
(Pe¢sko, 2025). These lignocellulosic materials are abundant, renewable and non-edible, and their powdered form
makes them particularly suitable for incorporation into thermoplastic matrices. In recent years, numerous studies
have reported the use of agro-derived biofillers in biocomposite systems, highlighting their potential to partially
replace fossil-based components while maintaining acceptable material performance (Ortega, 2021). A major
limitation in the use of lignocellulosic biofillers in polymer composites is their poor compatibility with the polymer
matrix, which results in weak interfacial adhesion and reduced mechanical performance. Surface functionalization
using silane coupling agents is a widely adopted strategy to overcome this issue, as silanes can interact with
hydroxyl groups on the biofiller surface while promoting improved affinity with the polymer matrix. This dual
functionality enables enhanced stress transfer across the filler—matrix interface, leading to improved composite
properties. The aim of this work is to compare different silane functionalization strategies for wine waste seed-
derived biofillers, with particular emphasis on process scalability. Three silanization routes were investigated:
conventional laboratory-scale silanization in aqueous solution, in situ silanization during melt compounding, and
dry silane treatment using a turbomixer, representative of a pilot-scale and industrially transferable approach.

Homopolymer polypropylene (PP) for melt extrusion was supplied by LyondellBasell (NL). Wine seed
biofiller (WSF), derived from wine industry residues, was provided by AgroMateraiae (ITA). Two silane coupling
agents, namely an alkyl silane and an amino silane, were supplied by Evonik (DEU). Laboratory-scale silanization
of the wine seed biofiller was carried out using an aqueous ethanol/water solution (4:1 vol/vol), according to
literature procedures (Miedzianowska, 2023), with silane concentrations of 3, 5 and 10 wt.% with respect to the
biofiller. In situ silanization was performed by directly adding the silane coupling agent (3, 5 and 10 wt.%) during
melt extrusion together with the biofiller and polypropylene, using a fixed biofiller loading of 5 wt.%. Process
scalability was further investigated by producing silane-functionalized wine seed biofiller at pilot scale using a
turbomixer, employing both alkyl and amino silanes at a concentration of 5 wt.%. All materials were compounded
using a co-rotating twin-screw extruder (Pharma 11, Thermo Fisher Scientific) with a screw length-to-diameter
ratio (L/D) of 40. FT-IR spectroscopy in attenuated total reflection (ATR) mode was used to analyze untreated and
silane-functionalized wine seed biofiller powders, employing a PerkinElmer Spectrum One instrument
(PerkinElmer Inc., MA, USA). Water contact angle (WCA) measurements were performed to evaluate changes in
surface hydrophilicity/hydrophobicity of untreated and silane-functionalized wine seed biofiller powders, allowing
comparison between alkyl- and amino-silane treatments.

Water contact angle (WCA) measurements are reported in Figures A and B for untreated and silane-
functionalized wine seed biofiller (WSF). As expected, untreated WSF exhibits a fully hydrophilic behavior, with
rapid water spreading on the powder surface. A similarly hydrophilic response was observed for WSF treated with
the amino-silane, indicating that the polar functionality of the silane does not significantly reduce surface
wettability. In contrast, WSF functionalized with the alkyl silane shows a marked transition toward hydrophobic
behavior, with WCA values in the range of 120-130°, confirming the effective modification of the biofiller surface.
This trend is consistent across the investigated silane concentrations (3, 5 and 10 wt.%). When the silanization
process was scaled up using the dry turbomixer-based method, comparable WCA values were obtained for both
alkyl- and amino-silane-treated biofillers, indicating that the pilot-scale process preserves the surface
characteristics achieved via laboratory-scale treatments.



Figure 1. Water contact angle measurements of A) WSF untreated; B) WSF + 5% amino-silane; C) WSF
+ 5% alkyl-silane.
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The effect of silane functionalization on filler—matrix adhesion was further evaluated through tensile elongation at
break of PP composites containing 5 wt.% wine seed biofiller (Table X). The composite filled with untreated WSF
exhibits a low elongation at break (21%), indicative of poor interfacial adhesion and premature failure. Silane
functionalization leads to a marked increase in ductility, although a non-monotonic dependence on silane content
is observed. For amino-silane-treated biofillers, elongation at break increases from 28% at 3 wt.% silane to 50%
at 10 wt.%, suggesting improved stress transfer at higher functionalization degrees. A similar trend is observed for
alkyl-silane-treated samples, with elongation values reaching up to 54% at 10 wt.% silane. Intermediate silane
concentrations (5 wt.%) result in limited improvements for both silane types, likely due to incomplete surface
coverage or suboptimal interfacial interactions. Overall, the significant enhancement in elongation at break
achieved at higher silane loadings confirms the effectiveness of silane functionalization in improving filler—matrix
adhesion, with alkyl silanes showing slightly superior performance in the PP-based system.

Table 1. Elongation at break of PP filled by 5% of WSF untreated, and treated by 3,5 and 10 % of both amino
and alkyl-silane.

Elongation at break

Sample Silane type Silane content (wt.%) (%)
PP + 5% WSF Untreated 0 21
PP + 5% WSF Amino-silane (AS) 3 28
PP + 5% WSF Amino-silane (AS) 5 23
PP + 5% WSF Amino-silane (AS) 10 50
PP + 5% WSF Alkyl-silane (HS) 3 51
PP + 5% WSF Alkyl-silane (HS) 5 27
PP + 5% WSF Alkyl-silane (HS) 10 54
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