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RESUMO 
A transição para uma economia sustentável exige materiais que não apenas substituam opções 
baseadas em combustíveis fósseis, mas também ofereçam desempenho competitivo e maior 
circularidade. Biopolímeros e reforços lignocelulósicos fornecem uma alternativa sustentável, 
reduzindo a dependência de recursos fósseis e permitindo o uso de materiais renováveis. Nesse 
contexto, as biorrefinarias são essenciais para converter biomassa em materiais funcionais, 
auxiliando na substituição gradual de derivados de petróleo. No entanto, desenvolver 
biocompósitos de alto desempenho continua sendo desafiador devido à baixa compatibilidade 
entre matrizes poliméricas hidrofóbicas e biomassa hidrofílica. Ajustar as interações interfaciais 
é, portanto, fundamental para garantir resistência mecânica, durabilidade e desempenho a longo 
prazo. Este estudo explora as relações estrutura–propriedade em biocompósitos de poliácido 
láctico (PLA) reforçados com polpa de madeira moída (SGW) e frações de lignina, enfocando 
como modificação química por sililação e branqueamento das fibras afeta a adesão interfacial. 
Fibras de SGW (20 e 30 % em massa) foram sililadas com (3-glicidiloxipropil)trimetoxisilano 
(GPS) em proporções entre 3 e 10 % para melhorar a ligação matriz-fibra. Testes reológicos 
mostraram que fibras não branqueadas, com maior teor de lignina e razão de aspecto, 
promoveram melhor estruturação e a maior resistência à tração (14 % e 27 % para 20 e 30 % 
SGW, respectivamente). O melhor reforço ocorreu com 30 % SGW modificado com 5–7 % 
GPS, produzindo propriedades termomecânicas semelhantes às de compósitos comerciais de 
polipropileno. Após o branqueamento, a morfologia das fibras mudou, aumentando finos e 
reduzindo comprimento, o que enfraqueceu a rede e o módulo de armazenamento, embora tenha 
melhorado a fluidez. Uma estratégia complementar de compatibilização foi avaliada em filmes 
de PLA-lignina com ligninas de madeira macia (LS) e dura (LH) modificadas com 1–5 % de 
GPS. As ligninas sililadas aumentaram a viscosidade do PLA, evidenciando ligação interfacial 
mais eficiente, enquanto LS promoveu maior nucleação que LH. As propriedades mecânicas 
melhoraram mais em filmes de LH com 1 % de GPS. Todos os filmes forneceram forte bloqueio 
de UV, ampliando seu potencial para embalagens. Os resultados destacam que a engenharia 
interfacial via sililação com GPS é essencial para otimizar a compatibilidade entre biomassa e 
polímero. Ao ajustar a estrutura química de fibras naturais de fontes renováveis e aprimorar a 
química interfacial, é possível produzir biocompósitos que unem sustentabilidade e 
desempenho comparável ao de plásticos convencionais. 

 

Palavras-chave: biocompósitos, ácido polilático, interface, acoplamento de silano, fibras 
lignocelulósicas 



 
 

 
 

ABSTRACT 

 
The transition toward a bio-based economy demands materials that not only replace fossil-based 
options but also offer competitive performance and better circularity. Biopolymers and 
lignocellulosic reinforcements provide a sustainable alternative, decreasing reliance on fossil 
resources and enabling renewable material use. In this context, biorefineries are crucial for 
converting biomass into functional materials, assisting the gradual replacement of petroleum 
derivatives. However, developing high-performance biocomposites remains difficult due to the 
poor compatibility between hydrophobic polymer matrices and polar biomass. Therefore, 
adjusting interfacial interactions is key to maintaining mechanical strength, durability, and 
long-term material performance. This study explores structure-property relationships in poly 
(lactic acid) (PLA) based biocomposites reinforced with stone groundwood (SGW) pulp and 
lignin fractions, focusing on how chemical modification, silylation, and fiber bleaching affect 
interfacial adhesion. First, SGW fibers (20 and 30 wt.%) were silylated with concentrations of 
3–10 wt.% of (3-glycidyloxypropyl)trimethoxysilane (GPS) to improve matrix–fiber bonding. 
Rheological tests showed that unbleached fibers, which retain higher lignin content and aspect 
ratio, promoted better melt structuring and achieved the highest increases in tensile strength 
(14% and 27% for 20 and 30 wt% SGW, respectively). The best reinforcement was found with 
30 wt% SGW modified with 5 and 7 wt.% GPS, producing thermo-mechanical properties 
similar to those of commercial polypropylene composites. After progressive bleaching, the fiber 
morphology changed by increasing fines and reducing fiber length, which weakened fiber 
networking and storage modulus, even though it improved flowability.  A complementary 
compatibilization strategy was assessed for PLA–lignin films using softwood (LS) and 
hardwood (LH) lignins modified with 1–5 wt% GPS. Silylated lignins increased PLA viscosity, 
demonstrating more effective interfacial bonding, while LS showed higher nucleating effects 
than LH. Mechanical properties were most improved for LH films containing GPS at 1 wt%. 
All PLA-lignin films provided strong UV-blocking capability, expanding potential application 
in packaging. Overall, the results showed that interfacial engineering through GPS-based 
silylation is a key strategy for optimizing biomass–polymer compatibility. By altering the 
chemical structure of bio-based fillers, improving interfacial chemistry, it is possible to produce 
biocomposites that combine sustainability with performance similar to conventional plastics. 
 

Keywords: biocomposites, polylactic acid, interface, silane coupling, lignocellulosic fibers 
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CHAPTER 1 – INTRODUCTION 
 

 

1.1 INTRODUCTION  

 

Environmental pollution and climate change represent major global challenges driven 

by the extensive use of fossil-based resources, leading to increased greenhouse gas emissions 

and the accumulation of waste in natural ecosystems (Afshar et al., 2024; Buhaug et al., 2023; 

Islam et al., 2024). In response to the growing environmental challenges, significant progress 

has been made toward the transition to a biobased economy (Wilde; Hermans, 2024). This 

emerging economy, founded on the innovative and cost-efficient utilization of biomass to 

produce biobased products and bioenergy (De Jong; Jungmeier, 2015).  

In this context, biorefineries have gained importance as sustainable technological 

systems designed to convert renewable biomass into fuels, chemicals, and materials, offering 

the potential to substitute approximately 30% of global fossil fuel use with bio-based 

alternatives in the coming years (Sulis et al., 2025; Wu; Restrepo-Flórez; Vasco-Correa, 2024). 

Among the biorefinery products, biopolymers and biocomposites are key innovations toward 

the development of sustainable materials derived from renewable biological sources, 

minimizing waste generation, and promoting the efficient use of renewable resources without 

compromising material performance (Chang; Mohanty; Misra, 2020; Gupta et al., 2022). 

Poly (lactic acid) (PLA) has attracted particular attention as one of the most 

commercially available and environmentally friendly biopolymers. Derived from renewable 

feedstocks such as corn or sugarcane, PLA is used in diverse sectors, including high-

performance automotive and aerospace components, as well as in medical implants, drug 

delivery systems, and consumer goods such as packaging and 3D printing materials (Bhong et 

al., 2023; Ranakoti et al., 2023; Trivedi; Gupta; Singh, 2023). Despite its many advantages, 

PLA also has limitations, including moderate mechanical strength, brittleness, low thermal 

stability, and moisture sensitivity, which can restrict its applications (Bikiaris et al., 2023). To 

overcome these drawbacks, research has focused on developing PLA-based biocomposites in 

which lignocellulosic fractions derived from natural fibers (NF) are incorporated into the 

polymer matrix to improve performance (Trivedi; Gupta; Singh, 2023). In recent years, these 

materials become potential alternatives to conventional petroleum-based composites, 

particularly polypropylene (PP)-based systems, which dominate the market of short fiber 
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reinforced composites due to their low cost, ease of processing, and balanced mechanical 

performance (Unterweger; Brüggemann; Fürst, 2014). 

The use of NF, and their isolated structural components (cellulose, hemicellulose, and 

lignin) derived from agricultural residues, papermaking by-products, or food industry waste, 

represents an effective strategy for upcycling biomass, contributing to waste valorization and 

sustainability (Santos et al., 2024b). However, achieving satisfactory compatibility in PLA-NF-

based systems remains challenging due to differences in polarity, crystallization behavior, and 

thermal stability, resulting in poor interfacial compatibility between hydrophilic NF and the 

hydrophobic PLA matrix. This incompatibility reduces interfacial bonding and stress transfer, 

limiting mechanical performance, durability, and upscale (Gholampour; Ozbakkaloglu, 2020).  

Improving the interfacial adhesion between PLA and the lignocellulosic reinforcement 

is a key step toward obtaining composites with enhanced performance. A well-designed 

interface not only ensures more efficient stress transfer and durability but also contributes to 

sustainability by reducing waste generation and extending the useful lifetime of materials 

(Santos et al., 2024a). To address this challenge, lignocellulose surface modification treatments 

have been proposed to enhance the interfacial adhesion of PLA biocomposites (Shaker; Ali; 

Militky, 2023). Chemical treatments can expose cellulose microfibrils, increasing surface 

roughness and interfacial area, which enhances adhesion with the polymeric matrix, and also 

affect the lignin fraction polarity or introduce reactive groups that improve interfacial bonding 

(Mariana et al., 2021; Prome et al., 2025; Tazwar; Antora; Rahman, 2025).  

Beyond surface treatments, the use of silane coupling agents through silylation 

reactions is widely recognized as one of the most effective methods to strengthen fiber–polymer 

interfacial interactions (Karthik et al., 2024). In this process, silane molecules are hydrolyzed 

to form silanol groups, which can chemically bond with hydroxyl groups present on the fiber 

surface, and their organofunctional groups interact with the polymer matrix (Chen et al., 2021). 

This dual reactivity promotes improved interfacial adhesion, leading to enhanced mechanical 

performance, reduced moisture absorption, and increased durability of biocomposites (Karthik 

et al., 2024). However, the effectiveness of silylation on lignocellulosic reinforcements depends 

on fiber composition, especially lignin levels and hydroxyl group availability (Chen et al., 

2021). Although these advances have been made, most studies focus either on cellulose-rich 

fibers or isolated lignin, but do not consider the different lignin types, and the effect of lignin 

content on fiber. In this way, research on the combined effects of lignin content, chemical 

modification, and coupling agent effectiveness in PLA composites remains limited. 
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Achieving optimal interfacial adhesion between the hydrophobic PLA and the 

hydrophilic lignocellulosic components remains a critical scientific and technological challenge 

(Hasan; Rabbi; Maruf Billah, 2022). In this way, this work is justified by the need to establish 

relationships among structure, composition, and interfacial properties in PLA/lignocellulosic, 

providing a basis for comparing their performance with conventional PP-based composites. 

Addressing the combined effects of lignin content, chemical modification, and coupling agent 

effectiveness in PLA composites by providing understanding and targeted enhancement of the 

fiber–matrix interface is therefore crucial to unlock the full potential of these biocomposites as 

viable alternatives to petroleum-based materials, supporting global sustainability efforts, 

reducing environmental pollution, and promoting the circular bioeconomy. 

 

 

1.2 OBJECTIVES  

 

1.2.1 OBJECTIVE  

 

To evaluate the influence of silylation of chemically untreated lignocellulosic fibers, 

bleached fibers, and lignin on the interfacial adhesion and overall properties of PLA-based 

composites. 

 

1.2.2 SPECIFIC OBJECTIVES  

a. To investigate the effect of silylation on the surface characteristics of the whole 

fraction of lignocellulosic fibers and assess its impact on the interfacial interactions 

and mechanical performance of PLA composites, by injection molding of specimens. 

 

b. To analyze how different bleaching stages combined with silylation modify the 

chemical structure and interfacial adhesion of lignocellulosic fibers in PLA 

composites, by injection molding of specimens. 

 

c. To develop PLA–lignin biocomposites with silylated soft and hardwood lignin and 

evaluate the influence of this modification on their dispersion on both lignin types, 

interfacial bonding, and functional properties by hot-press film production. 
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1.3 THESIS OUTLINE  

 

This section illustrates the action diagram of this research, as shown in Figure 1.1. 

Poly(lactic acid) (PLA) biocomposites incorporating pine stone groundwood (SGW) fibers, 

bleached SGW, and lignin from softwood and hardwood sources were developed. Silylation 

was applied to all formulations to enhance thermo-rheological behavior and mechanical 

performance, with results detailed in Chapters 3, 4, and 5. 

 
Figure 1. 1 Schematic action diagram of polylactic acid biocomposites.   
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CHAPTER 2 - LITERATURE REVIEW 
 

 

2.1 BIOCOMPOSITES  

 

Composite materials comprise a broad class of materials composed of physically and 

chemically different components with two or more constituents with distinct interfaces (Manu 

et al., 2022). An essential form of one dispersed phase as a reinforcement and/or a filler material 

to a continuous phase, determined as the matrix, which together forms a material with greater 

or different bulk properties from the isolated materials (Jayakumar; Saravanan; Philip, 2023). 

The matrix materials are classified as metal, ceramic, and polymer phase composites, and 

according to the reinforcement, are classified considering the material's shape as particles, 

laminates, and fibers (HSISSOU et al., 2021; JOSE et al., 2012).  

Biocomposite materials are produced by combining at least one natural component to 

form a new material with enhanced performance compared to individual constituents (Rudin; 

Choi, 2013). Polymeric phase composites reinforced with natural plant-based fiber are the most 

studied class of biocomposites. Research and development of biocomposites have been steadily 

increasing due to their renewable nature (Christian, 2020). 

Fully bio-based biocomposite materials, produced by biodegradable polymer matrices 

and renewable natural-based reinforcement, are eco-friendly materials and present a lower 

environmental footprint. Additionally, easily disposed of through composting and even 

recycled, they are potential candidates to replace oil-based non-renewable polymers (Andrew; 

Dhakal, 2022; Shanmugam et al., 2021).  

 The applications of polymeric biocomposites encompass the most distinct areas, from 

high-performance applications in the automotive and aerospace to biomaterials for 

pharmaceutics, and medical applications, mainly due to their inexpensiveness, biodegradable 

nature of some polymers and reinforcing fibers, renewability, and mechanical properties 

capable of replacing other compounds that use traditional synthetic reinforcements like glass or 

carbon fibers in high-performance applications (Andrew; Dhakal, 2022; Correa; Montalvo-

Navarrete; Hidalgo-Salazar, 2019). Furthermore, for example, the substitution of fiberglass for 

natural fibers reduced the composite’s production energy cost by 80%, while the material cost 

was reduced by 5% (Shanmugam et al., 2021).  
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Besides biocomposites, which are usually referred to as natural fiber reinforced 

composites, they are also in pharmaceutics and medical devices as biomaterials produced with 

inorganic fillers. Due to biocomposite's non-toxicity, biodegradability, and biocompatibility, 

naturally derived biomaterials have long been used in numerous regenerative medical 

applications (Hashemi et al., 2024). 

 

 

2.1.1 BIOCOMPOSITES MARKET  

 

The demand for bio-based plastics and composites is expected to grow at a compound 

annual growth rate of 11.2% to 2030, while the production of materials from renewable 

feedstocks is projected to increase by 25% in 2030 (Gurunathan; Mohanty; Nayak, 2015). The 

global biocomposite consumption was estimated at $19.6 billion in 2020 and is projected to 

grow at a compound annual growth rate (CAGR) of 14.2% until 2025. In addition, the global 

synthetic fiber market, which was valued at $147.16 billion in 2019, is expected to experience 

a 5% CAGR by 2025. The decrease in demand for synthetic fibers in favor of natural fiber 

composite materials leads to increasing research in new biocomposites and the 

commercialization of finished products. (Shanmugam et al., 2021). 

 In the European market, over 30 compounding companies produced more than 100,000 

tons of composite granulates with wood and natural fibers in 2018. Consumers and industry 

started requesting materials and products with a minimal environmental impact, lower carbon 

footprint, and with an end-of-life strategy for biocomposite products, aiming to reduce the use 

of fossil-based plastics (Partanen; Carus, 2019). Table 2.1 shows the market volume of 

biocomposite granulates in Europe for 2028.  

Additionally, biomaterials, including neat and biocomposites, present a significant 

influence in the global medical device market, which is estimated to be USD 400 billion. The 

global biomaterials market is projected to reach USD 47.5 billion by 2025, up from USD 35.5 

billion in 2020, with a compound annual growth rate (CAGR) of 6.0% at the time of the forecast 

(Oleksy; Dynarowicz; Aebisher, 2023). 
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Table 2. 1 Application areas and the potential for the market of biocomposites in Europe. 

Biocomposites in Europe 
Production tons 

p.a 2018 

Production tons p.a 

2028 (forecast) 

Decking, fencing, and cladding, mainly extrusion 

molding.  
200,00 220,000 – 250,000 

Automotive, mainly compression molding, with high 

shares of natural fibers such as jute, kenaf, and 

hemp. 

150,000 150,000 

Technical applications, furniture, consumer goods, as 

well as rigid packaging, are mainly sourced from 

injection molding and 3D printing. 

60,000 120,000 – 180,000 

Total  410,000 490,000 – 580,000 

Total figures include traded granulates for injection 

molding and extrusion 
100,000 200,000 – 300,000 

Source: Adapted from Partanen; Carus, (2019). 

 

 

2.2 POLYMERIC BIODEGRADABLE MATRICES   

 

Polymeric matrix composites are widely used in various industries, including 

electronics, biomedical, energy, and manufacturing, due to their good processability and ease 

of design and molding. As versatile composites, the polymeric matrix confers advantages such 

as high specific strength and high specific modulus, good fatigue resistance and high damage 

tolerance, and high multifunction properties that include high instantaneous temperature and 

ablation resistance (Chohan et al., 2022; Wang; Zheng; Zheng, 2011). Thermoplastics and 

thermosets are the most commonly used polymer types in advanced polymer composites. 

Thermoplastics are known for their ability to repeatedly melt and solidify, which allows for 

easy shaping and molding. They are also highly resistant to impact and can be recycled. On the 

other hand, thermosets have rigidity and strength; once they are formed, they cannot be 

reshaped or melted (Saba; Jawaid, 2018). Besides the type of polymeric matrix in terms of 

processability, the source of the polymer is also an important factor in composite assemblies. 

The categorization of the polymeric matrices into renewable or non-renewable is 

determined by the source of the raw materials used in their production. Renewable matrices are 

derived from sustainable sources such as plants or biomass, while non-renewable matrices are 
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made from fossil fuels. In addition, one of the numerous advantages of using renewable sources 

of polymeric matrices is the faster biodegradation characteristic (Zhao et al., 2023). Renewable 

biodegradable matrices can rapidly undergo chain breakage after exposure to a specific 

biological medium and decompose into simpler substances (methane, carbon dioxide, inorganic 

compounds, biomass, and water). This property is intrinsically related to the synthesis of these 

materials by microbiological routes (Hasrc et al., 2001; Ray; Bousmina, 2006). Although 

biodegradability is a phenomenon associated with biopolymers from renewable sources, some 

polymers derived from fossil fuels also present this property, as illustrated in Figure 2.1. 

 
Source: Adapted from Averous; Boquillon, (2004). 

Figure 2. 1 Classification of biodegradable polymers according to the polymer source. 

 

 Synthetic biodegradable matrices, such as aliphatic polyesters, are a class of 

biopolymers that present a hydrolyzable backbone polyester and are produced by conventional 

polymerization and synthesized from renewable materials, driven by biomass fermentation 

technologies (Zhang et al., 2021). Due to the large availability of raw materials, the 

development and adaptation of technologies raised the production of synthetic biodegradable 

polyesters on an industrial scale, leading to direct competition of these polymers with 

conventional plastics (Samir et al., 2022). Among the most synthesized polyesters are bio-based 

poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly (lactic-co-glycolic acid) (PLGA), and 

also oil-based poly(ε-caprolactone) (PCL), large used in biomedicine, as fundamental 

components for drug delivery systems, tissue engineering structures, and biomedical devices 

(Grøndahl; Jack; Goonasekera, 2017).  
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The most significant biodegradable aliphatic polyester synthesized monomers obtained 

from fully renewable sources, the poly (lactic acid) (PLA), has played a vital role in the 

manufacture of biocomposites (Rajeshkumar et al., 2021; Samir et al., 2022). PLA is a 

thermoplastic biodegradable polymer, and its unique characteristics as sustainability, 

biocompatibility, and compostability encourage its implementation in a large area of 

applications, from medical materials to high-performance biocomposites, in building and home 

furnishing to packaging and membranes (Li et al., 2023). 

 

2.2.1 OVERVIEW OF POLY (LACTIC ACID) 

 

  Poly (lactic acid) (PLA), a biodegradable aliphatic polyester thermoplastic with good 

mechanical properties, processability, durability, and transparency, is one of the most rigid 

bioplastics commercially successfully applied to single-use items (Jem; Tan, 2020).  

PLA presents three typical optical isomeric forms: the poly (L-lactic acid) (PLLA) and 

poly (D-lactic acid) (PDLA), which are optically active and crystallizable, and the racemic poly 

(DL-lactic acid) (PDLLA), an optically inactive and noncrystallizable form (Tsuji, 2013). The 

different forms of PLA derive from its building block, α-hydroxy acid, the lactic acid (LA) (2-

hydroxy propionic acid), that exists in optically active D- or L-enantiomers, with identical 

physical and chemical properties; however, reactively differently (Jem; Pol; Vos, 2010). The 

L-isomer represents the major fraction of PLA produced by carbohydrate fermentation from 

renewable sources since the biological route is responsible for the synthesis of PLLA form with 

high optical purity, containing around 1-2% of the D-isomer (Lim; Auras; Rubino, 2008; 

Saeidlou et al., 2012).  

 The production of PLLA consists of the fermentation of first- or second-generation 

starch or glucose from renewable sources, such as corn, potatoes, beets, and sugarcane, to obtain 

the lactic acid monomer. The microorganism type, fermentation conditions, and the purification 

process determine the optical purity of LA and the process yield; these parameters are crucial 

to increase the molecular weight and ensure the optical purity during the PLA polymerization 

(Tsuji, 2013). Directed polycondensation of LA and ring-opening of the cyclic dimer of LA, 

the lactide form, are consolidated PLA polymerization methods. Both processes are based on 

the dehydration of lactic acid and condensed into oligomers, as demonstrated in Figure 2.2.  
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In terms of water removal during condensation of lactic acid, the ring-opening 

polymerization process is more efficient, since it performs at high temperature and under 

vacuum to remove moisture (Jem; Pol; Vos, 2010). The lactide is formed after catalytic 

depolymerization and purified with a distillation or crystallization process, ensuring the 

removal of residual moisture, lactic acid, and the meso-lactide (D,L-lactide) to further 

polymerize by a ring-opening reaction. The reaction occurs at temperatures above the lactide 

melting point and below the PLA degradation temperature until the resin is submitted to 

solidification and/or crystallization into pellets (Garlotta, 2002; Jem; Tan, 2020).  

 
Source: Jem; Pol; Vos, (2010). 

Figure 2. 2 PLA production processes, (1) direct polycondensation of lactic acid and (2) ring-

opening polymerization of lactide. 

 

 In the polymerization process, molecular weight and crystallinity are adjustable 

properties that directly affect the mechanical response of PLA. The ring-opening 

polymerization of lactide monomers synthesizes high molecular weight polymer, usually 

greater than 100,000 g/mole, and for specific applications, high-molecular-weight PLA with 

a narrow molecular weight distribution is achieved by modifying the initial polymer 

composition (Donate; Monzón; Alemán-Domínguez, 2020; Hamad et al., 2018). Also, the PLA 

quality has an intrinsic dependence on processing temperature, molecular weight, molecular 

orientation, crystallinity, and physical aging characteristics (Bergström; Hayman, 2016).  

Semi-crystalline thermoplastics such as PLA present glass transition (Tg), and also 

melting temperature (Tm), both temperatures are affected by the molecular weight and the PLA 

optical purity (Lim; Auras; Rubino, 2008). The glass transition temperature determines PLA’s 

chain mobility and its transition from glassy to rubbery, parameters related to rheological 

properties that affect the polymer manufacturing processability (Naser; Deiab; Darras, 2021). 
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Depending on the composition of the optically active form, PLA crystallizes in three forms (α, 

β and γ), and the crystal shapes influence the polymer melting temperature (Lim; Auras; 

Rubino, 2008). The more stable form, the α structure, presents a Tm of 185 °C and is obtained 

during PLA crystallization from melt or from solution, while the β structure presents a Tm of 

175 °C, and the γ requires a specific crystallization process (Saeidlou et al., 2012; Tábi; Hajba; 

Kovács, 2016).  

The rate of crystallinity reflects on the mechanical properties of the polymer, such as 

tensile strength, hardness, stiffness, and Young’s modulus, and in its biodegradability (Boey; 

Lee; Tay, 2022). Furthermore, the PLA crystallinity affects the polymer's final applications, 

since high-end performance requires higher bulk microstructural and long-term properties, such 

as flame resistance, good weatherability, and durability, while medical devices require a higher 

degradation rate (Liu et al., 2020; Polak-Kraśna et al., 2021).   

High-end performance application of PLA requires competitive mechanical properties, 

price, and better long-term properties related to a lower degradation rate in comparison to 

traditional polymers (Jem; Pol; Vos, 2010). As described in Table 2.2, PLA, a rigid polymer, 

exhibits mechanical properties comparable to polystyrene (PS) and poly (ethylene 

terephthalate) (PET), whereas polypropylene (PP) is more flexible with moderate stiffness and 

higher ductility, and PLA is stiff with higher stress at maximum load and exhibits lower impact 

strength (Cosate de Andrade et al., 2016; Peltola et al., 2014). 

 

Table 2. 2 Characteristics comparison between PLA and traditional polymers. 

Polymer 
Density 

(g/mL) 
Tg (°C) Tm (°C) 

Tensile strength 

(MPa) 

Elongation 

(%) 

Impact Izod 

(Jm-1) 

PLA 1.24 56 - 60 140 – 175 53 3 - 6 12.8 

PS 1.05 100 - 45 5 21 

PET 1.39 69 255 57 70 59 

PP 0.90 -20 175 31 200 53 

Subtitle: Tg: glass transition temperatures, Tm: melting temperature, PS: polystyrene, PET: 

poly(ethylene terephthalate), PP: polypropylene. 

Source: Adapted from Jem; Pol; Vos, (2010). 

 

  Although to meet the high-end performance application requirements, polymer 

compositing is an alternative consolidated method able to suppress PLA hydrolytic and thermal 

degradability and increase polymers' mechanical performance (Tsuji, 2013). Polypropylene 
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(PP) is one example of a reinforced polymer composite with short glass fibers enhancing its 

mechanical properties and achieving extraordinary levels in comparison with the neat polymer 

(Mutjé et al., 2006). However, compared with the traditional petroleum-based composites 

reinforced with synthetic fibers, which make the recycling process. PLA biocomposites reveal 

great benefits in renewability, biodegradability, compostability, low density, and additional 

properties such as biocompatibility, and use in medical device end-products (Rajeshkumar et 

al., 2021).  

PLA is a thermoplastic material and is easily processed by traditional manufacturing 

methods, such as injection molding, extrusion, film extrusion, blow molding, thermoforming, 

fiber spinning, film forming, and additive manufacturing techniques such as three-dimensional 

printing, enabling PLA compositing (Farah; Anderson; Langer, 2016; Tümer; Erbil, 2021). 

Table 2.3 presents some recent PLA biocomposites research for both high-performance 

applications, with different types of natural reinforcements.  

 

Table 2. 3 PLA biocomposites applied in high-performance. 

Reinforcement Manufacture method Achievements Reference 

Cellulase-treated 

wood fibers. 

Twin-screw extruder, 

extrusion, and injection 

molding. 

Increase in tensile and flexural 

strength and flexural modulus. 

Wan et al., 

(2024) 

Neat and chemically 

treated short bamboo 

fiber. 

Injection molding. Recyclability of the biocomposites 

Rao; Debnath; 

Mahapatra, 

(2024) 

Flax fiber and boron 

compounds. 

Corotating twin-screw 

extrusion and injection 

molding. 

Increase in the water absorption 

resistance after fiber alkali 

treatment, and Young's modulus 

and flexural modulus. 

Avci et al., 

(2023) 

Wood fibers non-, and 

alkali treated. 

 

Corotating twin extruder 

and injection molding. 

Increase in tensile and flexural 

strengths with the fiber content, no 

effect to the alkali treatment. 

Cosse et al., 

(2023) 

Untreated and 

bleached hemp fibers. 

 

Melt-compounding by 

kinetic mixing, single-screw 

extrusion, and injection 

molding. 

Yielding fully bio-sourced 

composites with enhanced 

stiffness. 

Aguado et al., 

(2023) 

Source: The author (2024). 



 
 

24 
 

Natural fibers and disposable minerals are employed as reinforcement and as fillers to 

improve PLA’s thermal, water barrier, crystallization, mechanical, antimicrobial, and 

degradability properties, to produce fully biodegradable and compostable high-performance 

biocomposites (Rajeshkumar et al., 2021).  

 

 

2.3 NATURAL FIBER REINFORCEMENT FOR BIOCOMPOSITES  

 

Fibers as reinforcement provide the composite's matrix functional structural properties, 

such as high specific strength and stiffness, thermal stability, and acoustic insulation, while the 

matrix links the reinforcing fibers, conferring load transfer, chemical resistance of the structure, 

and the desired shape to the final product (Gurunathan; Mohanty; Nayak, 2015; Hasrc et al., 

2001; Lotfi et al., 2021). According to their origin, fibers are classified as synthetic or natural, 

subdivided into synthetic organic and inorganic fibers, and natural animal, mineral, and plant-

based lignocellulosic fibers (Rahman; Putra, 2018).  

Natural fibers (NF) are plant-based fibers extracted from parts of plants such as leaves, 

stems, seeds, fruits, stalks, and grass/reeds. NFs are mainly composed of cellulose, 

hemicelluloses, lignin, pectin, and extractives. (John; Thomas, 2008; Lotfi et al., 2021). 

Cellulose is the main structural polysaccharide of plants' cell walls, formed by repeating β-

(1,4)-bound D-glucopyranosyl units. The bonds create a highly arranged crystalline structure of 

cellulose, known as elementary fibrils, and the aggregation of these fibrils produces 

microfibrils, macrofibrils, or cellulosic fibers with high tensile strength, low density, and 

excellent reinforcing potential when incorporated into polymer matrices (Elfaleh et al., 2023a; 

Mokhena et al., 2021).  

The framework of the lignocellulose cell wall is determined by the intra- and 

intermolecular bonds within the crystalline cellulose structure, surrounded by the hemicellulose 

and lignin amorphous fractions, as represented in Figure 2.3 (Deng; Li; Chen, 2012). 

Hemicelluloses are copolymers composed of polysaccharide molecules, such 

as pentose and/or hexose sugars, mainly linked by β-(1, 4) glycosidic bonds (Kaur; Sharma, 

2019). It is amorphous, more hydrophilic, and has lower thermal stability than cellulose, which 

limits its direct reinforcing ability in composite systems (Hosseinaei et al., 2012). 
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Source: Nishimura et al. (2018). 

Figure 2. 3 Illustration of wood cell walls and their ultrastructure linking lignin and 

carbohydrate. 

 

As the carbohydrate fraction, cellulose and hemicellulose influence not only the 

mechanical performance but also the barrier and functional properties of biocomposites. 

Cellulose primarily contributes to stiffness, strength, and structural reinforcement, while 

hemicellulose enhances flexibility, imparts oxygen barrier properties, and can act as a natural 

plasticizer in certain systems (Khouaja; Koubaa; Ben Daly, 2025; Lucena et al., 2025). 

However, their inherent hydrophilicity and sensitivity to thermal degradation remain 

challenges, particularly when processing hydrophobic or high-melting-point polymers (Cheng 

et al., 2025; Mohammed et al., 2023).  

 As the third major lignocellulosic component, lignin is a macromolecule formed by 

phenylpropanoid units combined according to the reactivity parameters of monomeric 

monolignols (Abolore; Jaiswal; Jaiswal, 2025). Both hemicelluloses and lignin fractions 

present amorphous structures that vary in composition among plant species, during the growing 

season, and in different parts of the plants (Chen, 2014).  

The physical-chemical properties of lignocellulosic fibers (LCF) are closely linked to 

the performance of fiber-reinforced composites. Cellulose content enhances mechanical 

strength by increasing the fibers' tensile strength, while the microfibrillar angle determines the 

stiffness (John; Thomas, 2008). Lignin acts as a binding agent in fiber cells. However, high 

levels of non-cellulosic components, such as extractives, could decrease the bonding between 

the fiber and polymeric matrix (Bhat; Kumar; Mural, 2023; Vigneshwaran et al., 2020).  
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LCF over the conventional synthetic inorganic glass, aramid, and carbon fibers carry on 

similar tensile strength, and advantageous characteristics such as lower cost, lower density, no 

abrasion generated during the composite processing, renewability, recyclability, 

biodegradability, and fewer health risks involved in the fiber processing (Rahman; Putra, 2018). 

Table 2.4 shows LCF characteristics, composition, and properties compared to synthetic fibers.  

Regarding synthetic fiber compared to natural, it is expected that the lignocellulosic 

fibers could replace glass fiber in composites and migrate to the production of sustainable 

biocomposites from a biopolymer matrix (Ferreira; Cruz; Fangueiro, 2018). Although the lower 

density and good mechanical properties, as shown in Table 2.4 for the most studied NFs, 

achieving optimal performance of fiber-reinforced composites depends on factors beyond the 

fiber structure and physicochemical properties (Kamarudin et al., 2022). The impurity content, 

moisture absorption, fiber orientation, and volume fraction of fiber concerning the matrix are 

inherent fiber characteristics that directly influence the interaction between the fiber and the 

matrix and play a crucial role in determining the mechanical properties of natural fiber-

reinforced polymer composites (Mohammed et al., 2023). 

Besides its high strength and modulus, cellulose's reactive surface, due to the availability 

of hydroxyl groups, also encourages its use as reinforcement for organic polymer composite 

materials (Hadjadj et al., 2016). However, the hydroxyl groups in lignocellulosic fibers 

determine the fiber's polarity and hydrophilic behavior. This results in moisture absorption, 

which leads to poor adhesion between the polar LCF and non-polar commercial thermoplastic 

polymers due to the contrasting hydrophobic characteristics of the matrix materials (Bhat; 

Kumar; Mural, 2023; Elfaleh et al., 2023b). Therefore, modifying the fibers' surface is the key 

to improving the fiber adherence to the matrix and reducing moisture absorption, conferring 

optimal stress transfer (Elfaleh et al., 2023b).  

Despite natural fiber origin and chemical composition, fibers are also categorized by 

size and orientation, which are also characteristics that affect the fiber and polymer adhesion, 

as well as composite properties (Ahmad; Hamid; Osman, 2019). Depending upon their length 

and diameter, fibers are continuous (long) and discontinuous (short), and according to the 

orientation, fibers are unidirectional, multidirectional, or randomly oriented (Bhat; Kumar; 

Mural, 2023).  
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Longer fibers usually absorb more energy before the fracture, resulting in improved 

mechanical properties of composites (Elfaleh et al., 2023b). Nonetheless, short fiber provides 

economic and manufacturing advantages over longer fiber-reinforced composites. Short fibers 

offer good processability in conventional extrusion and injection molding methods, and the 

final good composite properties are achieved as long as the aspect ratio (fiber length divided by 

its diameter) is high enough to support load transfer and ensure fiber orientation and distribution 

(Cruz-González et al., 2021; Watanabe, 2002).  

To achieve high-performance composites reinforced with lignocellulosic fibers, surface 

properties, chemical composition, and configuration of the reinforcing fibers, including fiber 

orientation, length, and concentration, are the main factors that affect the interfacial adhesion 

and the mechanical properties (Ahmad; Hamid; Osman, 2019; Tseng; Chang; Hsu, 2017). Fiber 

orientation is given during the composite manufacturing process and is predicted by mechanical 

models from mechanical properties such as tensile strength  (Flake C Campbell Jr, 2003). A 

good adhesion between fiber and matrix, usually achieved by the lignocellulosic fiber surface 

treatments, leads to the effective transfer of stresses through the interface, providing composite 

materials with superior properties (Elfaleh et al., 2023b; Hristov; Vlachopoulos, 2007). 

 

 

2.3.2 STONE GROUNDWOOD FIBER AS REINFORCEMENT  

Wood is a source of lignocellulosic fiber obtained from shrubs and trees, widely used in 

the manufacturing of pulp and paper products for the papermaking industry. As a 

heterogeneous, hygroscopic, and anisotropic material, wood fiber is classified as hardwood and 

softwood, which differ in lignocellulose fraction and fiber size (Elfaleh et al., 2023b; Khan; 

Srivastava; Gupta, 2020). Hardwood fibers come from deciduous trees, such as aspen and birch, 

while softwood fibers are mainly obtained from conifers (e.g., spruce and pine). Although 

hardwood has a more complex cellular structure and lower lignin content, softwood shows a 

more uniform cell structure and axial tracheid shape with no vessels or pores, which makes it 

generally preferred for composite applications due to its larger fiber aspect ratio (Chand; Fahim, 

2008; Elfaleh et al., 2023b; Esteban et al., 2023).  

In the papermaking industry, wood pulping is the fundamental process used to break 

down physically and/or chemically the wood structure into individual fibers. Pulping processes 

involve both grinding and refining and are categorized into chemical, semi-chemical, 
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thermomechanical, and mechanical pulping (Mboowa, 2024; Sandberg; Hill; Jackson, 2020). 

The mechanical pulping process defibrillates the fiber by mechanical friction under water or 

steam, with a total process yield of about 90–98%, with minimal loss of lignocellulosic fraction, 

high bulk, high stiffness, and low cost. Refiner mechanical pulping (RMP), thermomechanical 

pulping (TMP), pressure groundwood (PGW) pulping, and stone groundwood (SGW) pulping 

are the most used mechanical pulping processes (Bajpai, 2018).  

In SGW pulping a debarked block of lengthwise wood is pressed against a rotating 

grindstone revolving at speeds of 1000 to 1200 rev/min. The friction generated in the grinding 

zone increases the media temperature and softens the wood, hence easing the fiber separation 

process (Mboowa, 2024). The relatively mild mechanical and thermal conditions employed 

during their production improve the performance of polymeric matrices. Different from TMP 

and RMP processes, which involve elevated temperatures and intense mechanical shearing that 

promote lignin softening and surface inactivation, SGW processing preserves fiber integrity 

and maintains lignin distributed along the fiber surface (Urdaneta et al., 2024). This results in 

improved interfacial compatibility with polymers. Additionally, the higher availability of 

accessible hydroxyl groups and the less condensed nature of lignin in SGW fibers favor its 

modification (López et al., 2013).  

The direct wood fibrillation, as occurs in the SGW process, significantly increases fiber 

surface roughness by exposing cellulose microfibrils and cellulose-rich fine elements, thereby 

enhancing the pulp/fiber surface area, promoting hydrogen bonding among the fibers, and 

improving the fiber's reinforcing potential, as shown in Figure 2.4 (Bianchi et al., 2019; 

Graupner et al., 2023).  

 
Source: Debnath et al., (2021). 

Figure 2. 4 Changes in fiber properties during the fibrillation process. 
 

SGW processing typically uses pine wood as raw material due to its widespread 

availability and low-cost pulp in the market, to produce newspaper sheets and packaging boards 
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(Julian et al., 2012). The chemical composition of pine wood before processing usually ranges 

from 40–46% of cellulose, 25–28% of hemicellulose, 27–29% of lignin, and 4-5% of 

extractives and ash, and its fiber normally presents a tensile strength from 12 to 27 MPa, and 

Young’s modulus of 0.1–0.5 GPa  (Khan; Srivastava; Gupta, 2020). Pine SGW is a high-

fibrillated high-yield pulp (around 98.5 wt%), meaning that a high amount of cellulose micro-

fibrils is available for hydrogen bonding, and its lignocellulosic fraction is unchanged after 

SGW pulping (López et al., 2011). However, as a lignocellulose fiber with hydrophilic and 

polar characteristics, enhancing the SGW surface to improve adhesion between polymer 

matrices and SGW is an alternative for composite production with high tensile strength.  

SWG pulp was previously studied as fiber reinforcement for high-performance 

polypropylene composites by López et al., (2011) and Julian et al., (2012). Both studies 

evaluated the use of polypropylene functionalized with maleic anhydride (MAH-PP) as a 

surface compatibilizer for PP/SGW and observed an increase in composite tensile strength. 

Oliver-Ortega et al. (2016) evaluated tensile properties and micromechanical analysis of stone 

groundwood from pine softwood as reinforcement to polyamide composites, and further, 

Granda et al. (2016) compared the potential of wood fiber reinforcement for PLA composites 

using pine SGW, bleached kraft softwood, and fluff pulps. All previous research has observed 

an interesting increase in tensile strength in SGW-reinforced composites. However, the 

implementation of fiber surface treatment to enhance fiber dispersion and adhesion within the 

chosen matrix is gaining attention for study. 

 

 

2.3.1 LIGNIN IN COMPOSITES  

Lignin is the third most abundant component of lignocellulosic biomass, after cellulose 

and hemicellulose, accounting for 15–30% of plant dry mass. It is an amorphous, highly cross-

linked polyphenolic macromolecule that provides rigidity, hydrophobicity, and resistance to 

microbial attack in plant cell walls (Kamdem Tamo et al., 2025). Lignin is an irregular, 

randomly cross-linked aromatic polyether composed of three main monolignols, p-

hydroxyphenyl (H), guaiacyl (G), and syringyl (S), which originate from p-hydroxycinnamyl 

alcohols with varying degrees of methoxylation (Vanholme et al., 2019).  

The monomeric composition of lignin varies among plant species. In conifers 

(softwoods), lignin is primarily composed of G units. Hardwoods, which include deciduous and 

broadleaf species, contain both G and S units. In contrast, grasses and other herbaceous plants 
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exhibit varying proportions of H, G, and S units (Mei et al., 2019; Suota et al., 2021b). These 

units are structurally bonded by β-O-4, β-5, β–β, and 5-5 linkages (Kamdem Tamo et al., 2025), 

as shown in Figure 2.5. Softwood lignins typically contain more guaiacyl units and are more 

resistant due to higher amounts of β-5′ and 5-5’ linkages. Conversely, hardwood lignins have a 

higher syringyl-to-guaiacyl ratio, making them less resistant and more accessible, which 

influences their polarity, branching, and reactivity (Li et al., 2025a; Rese et al., 2025; Suota et 

al., 2021b).   

 

 
Source: Anderson et al., (2019) 

Figure 2. 5 Overview of the main lignin monomers’ structure. 
 

Its complex aromatic structure, lignin possesses unique properties compared to 

polysaccharide-based biopolymers, including intrinsic UV absorption, antioxidant activity, and 

high carbon content (Lin et al., 2021). These features have attracted growing interest in lignin 

as a functional additive or reinforcement in polymer biocomposites, particularly in the context 

of sustainable materials development and valorization of industrial byproducts from the pulp 

and paper or bioethanol industries (Jiju et al., 2025). 

In polymer matrices, lignin has been investigated both as a filler and as a compatibilizer 

(Ridho et al., 2022). At low loadings, lignin can act as a multifunctional additive, imparting 

UV-blocking, antimicrobial, and antioxidant properties to films and composites. For 

biodegradable matrices such as polylactic acid (PLA), starch, or polyhydroxyalkanoates 

(PHAs), the incorporation of lignin has also been reported to enhance thermal stability by 

delaying degradation through radical scavenging mechanisms (Basbasan et al., 2022). 

However, due to its inherent brittleness and heterogeneous nature, lignin does not always 
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contribute directly to mechanical reinforcement (Kapuge Dona; Smith, 2025). Additionally, the 

particle size and origin of lignin, kraft, organosolv, or soda, have been shown to influence 

composite performance, with more purified or modified lignins generally offering better 

homogeneity and property improvements (Mansouri; Salvadó, 2006). 

In addition to the lignin obtention process, the origin of lignin (grass, soft, and 

hardwood) plays a crucial role in compatibilization with polymeric matrices, particularly in 

terms of the syringyl (S) and guaiacyl (G) unit ratio, which strongly influences its interaction 

with polymeric matrices (Suota et al., 2021b). Syringyl units, characterized by two methoxy 

groups on the aromatic ring, exhibit a more linear and less condensed structure, which reduces 

intermolecular crosslinking and enhances molecular mobility. As a result, hardwood lignins 

generally show improved dispersion and interfacial interaction within polymer matrices 

(Johansson et al., 2023; Shu et al., 2021; Suota et al., 2021a). In contrast, guaiacyl-rich softwood 

lignins are characterized by a higher degree of condensation, leading to increased rigidity, 

stronger intermolecular interactions, and a more heterogeneous morphology when blended with 

thermoplastic polymers. These structural features tend to limit interfacial adhesion and promote 

phase separation in composites (Kapuge Dona; Smith, 2025; Park et al., 2019). Consequently, 

lignins with higher S/G ratios are often associated with better compatibility and dispersion in 

PLA-based systems, contributing to improved mechanical performance and more homogeneous 

composite structures (Anuar et al., 2023; Park et al., 2019).  

In some cases, unmodified lignin leads to reduced tensile strength or elongation at break, 

mainly due to poor interfacial adhesion with hydrophobic polymer matrices and phase 

separation during processing. Zhu et al. (2015) reported a proportional decrease in the tensile 

strength of lignin PLLA composites as the untreated lignin load increased from 5 to 30 wt.%. 

Wang et al. (2020) also observed a decrease in tensile strength with lignin loads of 1, 3, and 5 

wt.%. Recently, Ju et al. (2024) incorporated 10, 20, and 30% lignin, resulting in a reduction of 

the composites' tensile strength. Although after lignin modification or the use modifier to 

partially interact with the hydroxyl groups on the lignin, these researchers could improve the 

tensile strength of PLA-lignin composites at some loads.  

To address compatibility challenges, various chemical modification strategies have been 

developed, including esterification, acetylation, and grafting with functional groups or coupling 

agents. Such modifications improve the dispersion of lignin within the polymer and promote 

stronger interfacial bonding (Santos et al., 2023; Thakur et al., 2014). Thus, lignin 

functionalization represents a key strategy to improve interfacial adhesion between lignin and 
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polymer phases. Chemical modifications introduce functional groups capable of reacting or 

interacting with the polymer matrix, reducing interfacial tension and enhancing load transfer 

efficiency. Such improvements not only strengthen mechanical properties but also expand the 

applicability of lignin as a renewable reinforcing component in polymer composites (Georgs et 

al., 2025). From a sustainability perspective, lignin-reinforced biocomposites offer significant 

potential as value-added applications for an abundant industrial byproduct (Oladzadabbasabadi 

et al., 2025).  

 

 

2.4 FIBER SURFACE TREATMENT  
 

Lignocellulosic fiber's amorphous regions, and the availability of hydroxyl and other 

polar groups, make the fiber surface susceptible to absorbing moisture, creating an unsuitable 

interfacial adhesion between fiber and polymer, leading to a decrease in the mechanical 

properties, loss of dimensional stability, and fiber biodegradation, reducing the potential 

application of natural fibers for reinforcing polymer composites (Ferreira; Cruz; Fangueiro, 

2018). 

In order to overcome the drawbacks related to the fiber surface, physical, biological or 

chemical fiber-modifying treatments are applied to provide an efficient hydrophobic barrier and 

optimize adhesion with the polymer matrix (Belgacem; Gandini, 2005; Elfaleh et al., 2023b). 

However, to preserve the fiber's mechanical strength, it is important to restrict surface 

modification treatments to the superficial hydroxyl groups; otherwise, aggressive surface 

modification generates surface adhesion bonding reduction and fiber degradation (Belgacem; 

Gandini, 2005; Martínez-Landeros et al., 2019). 

Physical surface modification treatments separate natural fiber bundles into individual 

filaments by plasma, ultrasound, and UV light treatments (Ferreira; Cruz; Fangueiro, 2018). 

Biological treatments remove pectin, lignin, and hemicellulose components through enzymatic 

and bacterial activity to expose cellulose fiber and its hydroxyl groups (Naik; Allu; Purnima, 

2024). While chemical surface modification treatments aim to covalently bond natural fibers' 

hydroxyl groups with specific chemical reagents, or by removing non-cellulosic components 

from the fiber surface. Chemical methods usually involve fiber treatment, such as alkali, silane 

coupling, maleated coupling, acetylation, permanganate, and peroxide (Ferreira; Cruz; 

Fangueiro, 2018; Khoathane; Sadiku; Agwuncha, 2015). 
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Usually, fiber surface treatment, as alkali treatment, involves the removal of the 

hemicellulose and lignin fraction, exposing cellulose molecules, increasing the number of 

possible reaction sites, and with that improving the adhesion of fibers to the polymeric matrix 

(Ferreira; Cruz; Fangueiro, 2018). However, several studies demonstrated that lignin, as 

cellulose, presents stabilization, compatibility, and reinforcement properties in composites. 

Lignin aromatic and cross-linked functional groups enable its application in polymeric 

matrices, improving the composite's wettability, mechanical, and fire-retardant properties. 

Besides that, lignin chemical structure also contains inter- and intramolecular hydrogen bonds, 

with possible reaction sites (Chihaoui et al., 2022; Ridho et al., 2022).  

  

 

2.4.1 SILYLATION  

 

 In the interest of preserving the fiber lignocellulosic fraction, and the fibrillar structure 

as obtained in stone groundwood pulp, and using its hydroxyl-rich surfaces as a favorable 

strategy, chemical coupling mechanisms with molecular or macromolecular agents bearing one 

or several hydroxyl groups are implemented to establish covalent bonds at the interface between 

fiber and polymer (Belgacem; Gandini, 2005; Xie et al., 2010). This approach requires coupling 

bi-functional molecules, one capable of reacting with the fiber's superficial OH groups and the 

other capable of subsequent covalent bonding with the polymeric matrix (Abdelmouleh et al., 

2004). 

Silane coupling agents are a class of organosilicon compounds containing both organic 

and inorganic reactivity, mostly applied to improve the degree of cross-linking in the 

fiber/polymer interface (Pape, 2011). The inorganic part, under experimental conditions, 

condensates with the lignocellulosic hydroxyl groups, while its organofunctionality is coupled 

with the matrix (Belgacem; Gandini, 2005). Its generic chemical structure is represented as 

R(4−n)Si(R′X)n, where R represents an alkoxy, X represents an organofunctionality, R′ is an 

alkyl bridge that connects the silicon atom to the organofunctionality, and n is equal to 1 or 2  

(Xie et al., 2010). Normally, the structure contains three inorganic reactive alkoxy groups, 

methoxy or ethoxy groups, while the organofunctional groups are formed by amino, mercapto, 

glycidoxy, vinyl, or methacryloxy groups, as shown in Table 2.5 (Pape, 2011; Xie et al., 2010). 

Besides the silane inorganic groups presenting good interactions with natural fiber, each silane 

agent organic group presents relative affinity with a different polymeric matrix (Pape, 2011).   
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Table 2. 5 Silane coupling agent and its polymer type according to its organic group. 

Organic group Chemical Name Indicated Polymer 

Amine Aminopropyltriethoxysilane 
Acrylic, Nylon, Epoxy, Phenolics, 

PVC, Urethanes, Melamines, Nitrile 
Rubber 

Diamine Diaminopropyltrimethoxysilane 
Acrylic, Nylon, Epoxy, Phenolics, 

PVC, Melamines, Urethanes, Nitrile 
Rubber 

Methacrylate  3-Methacryloxypropyltrimethoxysilane Unsaturated Polyesters, Acrylics, 
EVA, Polyolefin 

Methyl Methyltrimethoxysilane Hydrophobing agent for mineral 
surfaces 

Isobutyl Isobutyltrimethoxysilane Hydrophobing agent for mineral 
surfaces, Masonry water repellent 

Epoxy  3-Glycidoxypropyltrimethoxysilane Epoxy, PBT, Urethanes, Acrylics, 
Polysulfides 

Source: Adapted from Pape, (2011). 

 

To effectively utilize silane coupling agents for modifying the surface of lignocellulosic 

fibers, proper condensation of silanol groups with the hydroxy functions on the fiber surface 

must take place, as demonstrated in Figure 2.6, for a generic coupling agent structure. The first 

step of the reaction mechanism is the silane coupling agent alkoxy groups hydrolysis into silanol 

groups, reactive groups (Ferreira; Cruz; Fangueiro, 2018). Due to silanols' high reactivity, self-

condensation occurs between their hydroxyl groups and forms oligomers. Once the silanol 

groups become attached to the hydroxyl groups on the surface of the fibers, adsorption takes 

place, and the silanol oligomers are physically adsorbed through secondary hydrogen bonding 

interactions. Chemical cross-linking is then achieved through hydrogen bonding between the 

silanols and the hydroxyl groups of the fibers, leading to the formation of covalent bonds after 

the release of water during the fiber drying process (Arslan; Dogan, 2018; Del Angel-Monroy 

et al., 2024). 
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Source: Adapted from Sreekala et al. (2000). 

Figure 2. 6 Generic reactions between the silane and the functional groups of natural fibers. 
 

Hence, the complete fiber surface modification, the alkyl groups connect the silicon 

atom to the organofunctionality of the polymer functional groups, forming a siloxane bridge 

between the fiber and the polymer throughout heat during the composite melting-compound 

process, increasing the compatibility between polymer/fiber, leading to an increase in the 

interface strength of the polymer matrix (Ferreira; Cruz; Fangueiro, 2018).  

Cabrera et al. (2020) studied the functionalization of nano-fibrillated cellulose fiber with 

two silane coupling agents, the 3-glycidyloxypropyl trimethoxysilane (GPS, named by some 

authors as KH-560) and 3-glycidyloxypropyl dimethylethoxysilane (GPMES) by a simple, 

direct, and environmentally friendly method, using 3 wt% of each silane and obtained 

successfully fiber functionalization through the condensation state of the grafted silanes 

network and elucidated the surrounding network to the cellulose surfaces, also observed 

improvement in fiber thermal properties. 

 Studies by Chen et al. (2021), tested the feasibility of four different silane coupling 

agents with amine, epoxy, and methacrylate organic groups, 3-aminopropyltrimethoxysilane 

(APS), γ-glycidoxypropyl-trimethoxysilane (KH-560), γ-methacryloxypropyltrimethoxysilane 

(KH-570), and γ-mercaptopropyltrimethoxysilane (KH-590), as molecular structure showed in 

Figure 2.7, used for constructing compatible interfaces between wheat straw/polylactic acid 

biocomposite. The authors tested all the coupling agents at a 2 wt% concentration, for a 30 wt% 
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of wheat straw fiber. However, the results indicate that KH-570-modified composite exhibited 

the best blending and tensile strength properties and best water resistance performance.   

 
Source: Chen et al., (2021). 

Figure 2. 7 Structures of amine, epoxy, and methacrylate silane coupling agents. 
 

 Yang et al., (2023) used three silane coupling agents, the amine APS (named by the 

authors as KH-550), epoxy KH-560, and methacrylate KH-570 with different molecular 

structures to modify the surface of waste corrugated paper fibers (WFs), using PLA as a matrix. 

The composite's microstructure, mechanical, thermal decomposition, and crystallization 

properties were evaluated. As a result, the composites treated with 4 wt% of KH-560 were able 

to improve mechanical properties, 115% higher than that of the pure PLA matrix for tensile 

strength, after comparison with both silanes at concentrations of 0, 2, 4, 6, and 8 wt%, at a 25 

wt% of waste corrugated paper fibers. 

  Interesting results regarding the interface compatibility and mechanical properties of 

PLA/lignin composites coupled with γ-glycidoxypropyl-trimethoxysilane (GSP) were reported 

by Zhu et al. (2015) and Wang et al. (2020). The authors observed a smooth surface on the 

fractured composites treated with 2 wt.% and 5 wt.% silanes at 10 wt.% lignin, suggesting 

sufficient bonding between PLA/lignin and well-dispersed lignin particles, with increases in 

tensile strength and Young’s modulus, although a decrease in elongation at break.  

Considering the achievements of the silane γ-glycidoxypropyl-trimethoxysilane (GPS) 

for lignocellulosic fiber surface-modifying treatment for PLA composites and its reported 

development of a monolayer or a tridimensional covalent network onto the fiber chains, and its 

easy hydrolysis in its silanetriol equivalent in a 2 wt% aqueous solution as a fast reaction (De 
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Buyl; Kretschmer, 2008) was selected as a coupling agent for PLA composites as the focus of 

this work.  

The use of a coupling agent capable of interacting with the hydroxyl groups of the lignin 

fraction, aligned with the use of a high-fibrillated pulp, is the focus of the present work, in 

which lignin is the target fraction of compatibilization between the untreated SGW fiber and 

lignin fraction. Different from conventional approaches that primarily target cellulose-rich 

surfaces, this strategy intentionally exploits the lignin-rich surface of SGW fibers. The 

preserved lignin structure and its accessible hydroxyl functionalities enable effective chemical 

interaction with the coupling agent, thereby enhancing fiber–matrix adhesion without the need 

for extensive chemical pretreatment. This approach highlights the potential of lignin not as an 

inert component, but as an active compatibilization site in biopolymer composites, aiming for 

improvement of mechanical properties. 

 

 

2.4.2 BLEACHING PROCESSES   

Bleaching processes are commonly used to enhance the brightness, purity, and surface 

features of lignocellulosic fibers by removing residual lignin, extractives, and chromophoric 

groups (Li et al., 2025a). In the pulp and paper industry, bleaching has traditionally been 

employed to produce high-bright pulps. The type of bleaching treatment affects not only the 

fiber color but also mechanical performance, hydrophilicity, and interfacial adhesion with 

polymer matrices (Peltola et al., 2019). 

Although bleaching is often discussed alongside delignification, the two processes 

serve distinct roles in the paper industry. Delignification typically refers to the bulk removal of 

lignin during pulping, whereas bleaching focuses on eliminating the residual lignin and colored 

compounds that remain after primary pulping (Hintz; Lawal, 2018; Terzopoulou; Vouvoudi; 

Achilias, 2025; Tocco et al., 2021). This distinction is particularly relevant for biocomposite 

applications, where retaining a controlled amount of lignin may be beneficial for balancing 

mechanical properties, hydrophobicity, and matrix compatibility (Fazeli et al., 2024). Partial 

lignin removal through bleaching, rather than complete delignification, allows for a more 

nuanced tailoring of the fiber-matrix interface (Delgado-Aguilar et al., 2017; Ma et al., 2022). 

Bleaching of natural fibers is commonly carried out using oxidizing agents such as 

acidified sodium chlorite, hydrogen peroxide, alkaline peroxide, ozone, or hypochlorite, 
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depending on the desired balance between fiber purity and cellulose preservation (Hashem; 

Farag, 2025; Samanth; Subrahmanya Bhat, 2023). 

Among available bleaching technologies, acidified sodium chlorite (NaClO₂) is widely 

used for the bleaching and selective delignification of lignocellulosic fibers. Under acidic 

conditions, NaClO₂ is converted to chloric acid (HClO₂), which subsequently generates chlorine 

dioxide (ClO₂), a highly reactive oxidizing species that breaks down lignin into soluble 

fragments that can be washed away, leading to permanent fiber whitening (Guo et al., 2023; 

Kabir et al., 2012; Yue et al., 2015). In addition to lignin removal, ClO₂ also reacts with 

hydrophilic hydroxyl groups in hemicelluloses and other polar surface constituents, reducing 

the overall moisture affinity of the fibers and increasing their hydrophobicity (Samanth; 

Subrahmanya Bhat, 2023; Yue et al., 2015). Although a slight reduction in the degree of 

polymerization of cellulose may occur due to mild oxidative or acidic cleavage, this treatment 

generally preserves cellulose crystallinity more effectively than alkaline peroxide systems 

(Hubbell; Ragauskas, 2010).  

For fiber-reinforced composites, the application of acidified-NaClO₂ bleaching offers 

a promising pathway to control lignin content without excessive fiber degradation (Yue et al., 

2015). The gradual removal of lignin not only enhances fiber brightness but also increases the 

accessibility of hydroxyl groups on cellulose and hemicellulose (Abolore; Jaiswal; Jaiswal, 

2025). At the same time, residual lignin influences the hydrophobicity of fibers, their 

dimensional stability, and compatibility with hydrophobic matrices, such as PLA (Kamdem 

Tamo et al., 2025).  

 

 

2.5 MANUFACTURING METHODS FOR THERMOPLASTIC COMPOSITES   
 

Manufacturing methods and technologies of polymer composites are intrinsically 

related to the final thermal and mechanical properties of the produced composites, depending 

on the set parameters, such as temperature, pressure, the aspect ratio of the reinforcement and 

its type, relative volume fraction, and in some cases, the stacking sequence, direction of stacking 

and layer number influence the materials' durability and run to tailor the output properties of 

the composites (Chohan et al., 2022). As an important preparation step to ensure good final 

mechanical properties, before the polymer melting manufacturing process, the polymer must 

undergo a dry process to remove moisture content and prevent excessive hydrolysis that causes 
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molecular weight drop, especially in the case of PLA, and compromise the physical properties 

of the polymer and composite (Lim; Auras; Rubino, 2008). 

Traditional thermoplastic composites manufacturing comprehend melt-compounding 

process, solution mixing, injection molding, screw extrusion process, additive manufacturing, 

calendaring molding, hot pressing molding, and other consolidated and highly repeatable 

methods that are able to achieve process control and supply high-quality composites (Gupta; 

Kumar; Sachdeva, 2024; Rajeshkumar et al., 2021; Verma; Goh, 2019; Wu et al., 2023). Also, 

thermoplastic composite manufacturing processes can be divided into two steps: the first 

corresponds to the prepreg produced as an intermediate material, and then, the final products 

are formed from the prepreg material (Jeong et al., 2022).  

This section briefly describes the manufacturing methods of melt-compounding as a 

prepreg operation, injection molding, and hot-press film production as the final production of 

biocomposites used in the present work. 

 

 

2.5.1 MELT-COMPOUNDING PROCESS  

 

During the melt-compounding technique, the reinforcement or filler is directly inserted 

into the matrix. After the polymer’s softening point, the characteristic of this process is the 

operation in batches, which ensures a complete dispersion of the selected amount of 

reinforcement into the polymer, ensuring homogeneity to the formulation. The heat and shear 

stresses generated in the melt-compounding result in the mobility of the polymeric matrix 

chains and diffusion of the reinforcement or filler through the matrix (Cataño et al., 2023).  

Melt-compounding is often carried out using an extruder or internal mixer, and specific 

mixing conditions like barrel/chamber temperature, screws/rotors speed, screws/rotors 

geometry, and residence time are controlled (Formela, 2023). Different extruder types have 

been designed to meet the diverse demands of distinct formulations and materials, e.g., single 

screw, intermeshing or non-intermeshing co- or counter-rotating twin-screw extruders (Albdiry, 

2024; Formela, 2023). Figure 2.8 shows two models of mixer/compounder based on the high-

speed thermokinetic principle. The material particles are thoroughly mixed and rapidly heated 

due to impacts against the chamber wall, mixing blades, and each other. The high-speed leads 

to the material melting and composite production (DUSATEC, 2012). Despite melt-
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compounding also being attributed to the injection molding and extrusion operations, this work 

is considered a pre-step for composite assemblies.  

 
Source: Dusatec, (2012).  

Figure 2. 8 Melt-compounding equipment models examples. 
 

Composites manufacturing through melt-compounding is considered a simple, 

economically favorable method for industrial applications. However, it is usually used as a 

combined technique, since this process usually generates irregular blocs of composites that need 

to be milled or pelletized (Albdiry, 2024). 

The processing conditions set for the melt-compounding process significantly influence 

the interface adhesion and compatibility of the materials, which are intrinsically related to the 

shear stress induced in the polymer melt.  In general, the dispersion of inorganic fillers in the 

polymer matrix is linked to the complex internal shear stresses generated by viscous drag on 

the fillers along the melt-compounding process. Furthermore, high mechanical shearing during 

melt processing compromises the natural fibers' structural integrity, and the fibrillated fiber 

suffers shortening (Albdiry, 2024; Tanahashi, 2010).   

 

 

2.5.2 INJECTION MOLDING 

 

Injection molding is an essential polymer-processing technique for producing molded 

parts of polymeric matrices in a cyclic process. Thermoplastic injection molding is driven by 

important independent process parameters, such as mold and melting temperature, injection and 

packing pressure, and packing and cooling time. These parameters affect the shrinkage (change 

in the material size) and deformation of the final product, as well as mechanical performance, 

dimensional conformity, and appearance (Fernandes et al., 2018; Jeong et al., 2022). The 
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quality of the final product can be enhanced by optimizing some of these specific parameters 

and production conditions (Khosravani; Nasiri, 2020).  

The manufacturing process of polymeric materials through injection molding holds two 

basic units, the injection, and the clamping units, as described in Figure 2.9. In the injection 

unit, neat polymers, composites prepreg, or even a mixture of reinforcement particles and 

polymer pellets are first fed into the hopper (Fernandes et al., 2018). In the filling step, the set 

injection volume is achieved when the molten and plasticized material in front of the first zone 

of the screw is pushed back against an adjustable pressure within the hydraulic system, ensuring 

the required volume to fill the injection unit (Liu, 2012).  

 
Source: Fernandes et al., (2018). 

Figure 2. 9 Injection-molding machine units. 
 

The processing material undergoes through the injection barrel by three functional 

rotating screws, in which the first zone is responsible for materials feeding, the second for the 

material transition, and the last corresponds to the metering zone (Greene, 2014). In addition, 

the screw reciprocates and acts as a battering ram during the filling step, pushing the material 

along the heated barrel until it reaches the nozzle (Chohan et al., 2022). 

In the clamping unit, molten polymer is injected under high pressure into the mold with 

the cooling system. During the packing phase, the high pressure to fill the mold cavity is 

essential to prevent shrinkage along with material solidification. The injection cycle usually 

ranges from 10 to 100 seconds and is controlled by the cooling time of the material to turn rigid 

enough to be ejected, usually set below the material's glass transition temperature. 

Simultaneously, in the plasticating stage, the remaining material melts for the next cycle 

(Fernandes et al., 2018; Liu, 2012). 

For neat PLA and natural fiber-reinforced composites, the melt temperature is usually 

set between 190 and 200 °C, regardless of the type and amount of reinforcement, as described 

in Table 2.7. However, the injection pressure is a determining factor for fiber-reinforced 
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composites, regardless of the injection mold machine capacity, as well as the injection volume. 

In general, to ensure good materials processability, during the injection molding, the 

temperature is increased in the three zones of the screw, the lowest at the feed section, and the 

highest in the metering zone and the nozzle. The hold pressure improves the stability of the 

polymer and minimizes warpage (change in the material shape), also enabling the material to 

keep its dimensional control while the material is cooled (Liu, 2012).  

 

Table 2. 6 Injection parameters applied for different PLA fiber composites. 

Injection parameter’s 
Mofokeng et al., 

(2012) 
Zandi et al., (2020) Siva et al., (2021) 

PLA/ short sisal fiber Commercial PLA/wood PLA/hemp fiber 
Injection pressure 600, 700, 740 bar 35–65 bar 92 bar 
Screw speed - - 300 rpm 
Holding pressure 600 bar 35 bar 3 bar 
Holding time 20 s 30 s 2 s 
Cooling time 30 s 10 s - 
Back pressure 30 bar - - 
Melt temperature 190 °C 200 °C 190 °C 
Mold temperature 20 °C - - 

Source: The author (2024). 

 

2.5.3 HOT-PRESS FILM PRODUCTION  

 

Hot-pressing is a widely employed method for producing polymeric films and 

composites, offering a relatively simple, solvent-free, and scalable route to fabricate materials 

with controlled thickness and morphology (Bajpai; Singh; Madaan, 2014). In this process, 

polymer powders or preformed sheets are subjected to elevated temperature and pressure 

between heated plates, which promotes chain mobility, densification, and interfacial adhesion 

(Wei et al., 2022). Compared to solution casting or extrusion, hot-pressing minimizes the use 

of solvents, reduces drying times, and enables the production of films with uniform density and 

good mechanical integrity (Campbell, 2004).  

Similar to the clamping unit of an injection molding machine, in which the molten 

polymer is compressed into a mold, in hot-pressing production of films, the molten polymer is 

pressed between two flat surfaces, as represented in Figure 2.10. In the context of polymeric 

films, hot-pressing has been applied to materials such as PE, PP, as well as blends and 

copolymers (Qiao et al., 2023). In addition to conventional thermoplastics, hot-pressing has 
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been extended to biodegradable and bio-based polymers, such as PLA, polyhydroxyalkanoates 

(PHAs), and starch-based composite systems (Papadopoulou et al., 2019; Rubio-López et al., 

2015; Surendren et al., 2022). The method allows for control over crystalline and molecular 

orientation by adjusting pressing parameters such as temperature, pressure, and cooling rate 

(Edebali, 2021). Varying the pressing temperature near or above the polymer’s melting point 

can tailor interfacial bonding and reduce void content. These processing–structure–property 

relationships are essential in optimizing films for packaging, biomedical, or electronic 

applications (Li et al., 2024). 

 
Source: Penjumras et al. (2016).  

Figure 2. 10 Schematic representation of the hot-pressing machine.  
 

In composites, the application of pressure during processing enhances the dispersion 

of fillers and promotes intimate contact between the polymer matrix and reinforcement, which 

is critical for mechanical performance (Azlin et al., 2020). As research increasingly focuses on 

sustainable polymeric materials, hot-press film production continues to gain attention as a 

scalable, eco-friendly, and effective fabrication method (Wei et al., 2022). 

 

 

2.6 SUMMARY 
 

According to the previous literature review reported in this section, PLA biocomposites 

reinforced with lignocellulosic fibers demonstrate significant enhancements in mechanical 

performance, thermal stability, and weight reduction, making them promising materials for 

high-performance applications in the automotive, aerospace, and packaging sectors. The 

incorporation of lignocellulosic fibers not only improves the tensile strength and durability of 

PLA but also preserves the material’s environmentally sustainable character. 
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In addition to fiber reinforcement, the lignin fraction contributes to the overall 

performance of PLA-based composites. Due to its rigidity, antioxidant capacity, and ultraviolet 

(UV) shielding properties, lignin can enhance composite stiffness, thermal resistance, and long-

term stability. However, the heterogeneous and inherently hydrophobic nature of lignin, as well 

as the hydrophilicity of lignocellulosic fibers, can hinder interfacial compatibility with the PLA 

matrix. Consequently, strategies to improve interfacial adhesion are essential for ensuring 

efficient stress transfer and achieving superior mechanical properties. 

Among the compatibilization approaches, silane coupling agents and bleaching 

treatments are widely recognized in the literature for their effectiveness in modifying natural 

fibers and isolated lignocellulosic components. Bleaching processes typically employed to 

reduce lignin content and remove extractives are reported to increase fiber surface cleanliness 

and reactivity, thereby improving the efficiency of subsequent silanization. Silane coupling 

agents contain both organic functional groups and alkoxy groups within the same molecule. 

The alkoxy groups hydrolyze to form silanol groups capable of bonding with hydroxyl-rich 

substrates such as unmodified natural fibers, bleached fibers, and isolated lignin, while the 

organic functional groups interact or react with the polymer matrix. This dual functionality 

promotes improved interfacial adhesion and more efficient stress transfer in PLA-based 

composites. 

Although lignocellulosic fibers have been widely investigated as reinforcements for 

PLA, most studies have focused on cellulose-rich or chemically purified fibers, often treating 

lignin as an undesirable component. The potential of lignin as an active interfacial phase 

remains largely unexplored, particularly in systems where lignin is preserved in its native state. 

Moreover, the interaction between coupling agents and lignin-rich fiber surfaces has received 

limited attention, despite the presence of reactive hydroxyl groups that could promote 

interfacial bonding. In addition, stone groundwood fibers, characterized by high fibrillation and 

preserved lignin content, remain underutilized in polymer composites.  

The present work addresses these gaps by investigating a compatibilization strategy 

based on the interaction between a coupling agent and the lignin fraction of untreated and 

partially bleached SGW fibers, as well as examining how structural differences between 

softwood and hardwood lignin influence coupling-agent interactions. This approach provides 

insight into a sustainable and efficient route for improving PLA-based composites without 

extensive fiber modification. 
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CHAPTER 3 – SILYLATION OF LIGNOCELLULOSIC FIBER: 

EFFECTS ON THE STRUCTURE AND INTERFACE 

OF PLA COMPOSITES 
 

Part of this work has been published in the journal Industrial Crops and Products as:  

GIULIA HERBST, ROBERTO J. AGUADO, QUIM TARRÉS, MARCOS L. CORAZZA, LUIZ P. 

RAMOS, PERE MUTJÉ, MARC DELGADO-AGUILAR. Silane-modified high-yield lignocellulosic 

fibers as reinforcement of polylactic acid: Enhancement of interfacial adhesion for high-performance 

biocomposites. Industrial Crops and Products, Volume 218, 2024. 

https://doi.org/10.1016/j.indcrop.2024.119027. 

 

Note: All experimental work was developed in the laboratories of the LEPAMAP research group and 

facilities of the Universitat de Girona, Spain.  

 

 

3.1 INTRODUCTION  
 

In the last years, the need for developing sustainable and high-performance materials 

has been highlighted by many actors in society, including policymakers, industrial 

representatives, and the scientific community (Bhong et al., 2023). These materials are 

conceived as enablers to promote the transition from a fossil-based to a bio-based economy and, 

in addition, to leave behind the linear schemes to fully circular value chains (Agarwal et al., 

2020; Kılıç et al., 2024; Shanmugam et al., 2021; Uppal et al., 2022). The sustainability of 

materials can be approached from different perspectives, including their origin, use, and end-

of-life management strategies. On the one hand, the use of renewable resources for the 

development of value-added materials alleviates the pressure over limited resources, such as 

the case of petroleum (Gurunathan; Mohanty; Nayak, 2015; Yatigala; Bajwa; Bajwa, 2018). 

However, 90.2 % of the global plastic production in 2021 (390.7 million tons) was fossil-based, 

while post-consumer recycled plastics accounted for 8.3 %, leaving a residual 1.5 % for bio-

based plastics (Plastics Europe, 2022). On the other hand, the end-of-life can be approached by 

means of recycling strategies or through natural breakdown into simpler compounds (e.g. water, 

carbon dioxide, and biomass), known as biodegradation or composting, avoiding landfilling 

and/or incineration (Dammak et al., 2020; Sikorska et al., 2021). According to recent data in 

the EU27+3, the evolution of post-consumer plastics treatment exhibits a favorable scenario, 
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having increased recycling by 117 % from 2006 to 2020. Nonetheless, landfilling stills 

represent around 23 %, and incineration, 42 % (Plastics Europe, 2022). In the use phase, there 

is an increasing need for lighter materials able to meet the technical requirements of 

conventional commodity materials that, for instance, can have a positive effect on the associated 

environmental impact of its use (Delogu et al., 2017).  

Composite materials, conceptually, possess the ability to meet these requirements, 

providing excellent properties (e.g. mechanical, functional, lightweight) with reduced 

environmental impact (La Mantia; Morreale, 2011). However, the imperative to confront 

technical challenges has propelled the composite materials industry towards the development 

of composites reliant on fossil resources. This emphasis often prioritizes properties and 

production costs yet frequently overlooks the adverse environmental consequences these 

materials entail throughout their processing, use and disposal (Rodríguez et al., 2018). 

Thermoplastic materials, such as polypropylene (PP), are often reinforced with short fibers to 

enhance their properties, achieving unconceivable levels with neat polymers (Mutjé et al., 

2006). This is the case of short glass fibers (GFs), which significantly improve the mechanical 

performance of PP in presence of maleic anhydride functionalized PP (MAPP) as interfacial 

compatibilizer (Kossentini Kallel et al., 2018). While the environmental superiority of natural 

fiber (NF)-reinforced compared to GF-reinforced composites has been already demonstrated 

20 years ago, the latter still predominates in current market applications (Joshi et al., 2004). The 

environmental advantages of NF-reinforced composites are evident, encompassing the three 

stages highlighted above: (i) the production of NF results in lower environmental impact 

compared to GF, mainly due to their lower energy demands, and the amount of polymer matrix 

is decreased due to the demand of higher fiber content; (ii) NF are lighter than GF, resulting in 

lighter composites for the same application; and (iii) even if incinerated, NF-reinforced 

composites result in energy and carbon credits (Li et al., 2020). 

In the recent years, some bio-based and biodegradable alternatives to fossil-based 

polymers have appeared, such is the case of poly(lactic acid) (PLA), poly(butylene adipate 

terephthalate) (PBAT) and poly(hydroxy alkanoates) (PHAs) (Ali et al., 2023). Considering 

that the end-of-life of composite materials still presents some challenges, particularly in terms 

of sorting and avoiding contamination of current recycling streams, the development of fully 

bio-based and biodegradable composites (i.e., biocomposites) is attracting the interest of both 

industry and scientific communities (Chatziparaskeva et al., 2022). As in the case of PP, 

however, ensuring appropriate interactions between fiber and polymer becomes crucial, and 
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several efforts have been paid on the generation of well-bonded interfaces by means of 

incorporating coupling agents or modifying either the fibers or the polymer matrices. While it 

is true that fiber orientation, distribution, morphology, and dispersion have a significant impact 

on the resulting biocomposite mechanical properties, successfully generating these interactions 

ensures appropriate stress transfer between the biocomposite constituents, unlocking the 

reinforcing potential of the fibers (Birnin-Yauri et al., 2016; Granda et al., 2016).  

PLA is one of the most promising and most commonly used bio-based and 

biodegradable polymers due to its outstanding physic and mechanical properties (Madhavan 

Nampoothiri; Nair; John, 2010; Pang et al., 2010; Siakeng et al., 2019). Actually, PLA 

constitutes a competitive alternative to fossil-based polymers, exhibiting a tensile strength that 

can arouse between 50 and 60 MPa (Madhavan Nampoothiri; Nair; John, 2010). One strategy 

to further enhance its properties is the development of NF-reinforced PLA composites. 

However, although successfully described in the literature, uncertainty on the most appropriate 

surface chemical composition of the fibers still remains. In an attempt to improve interfacial 

fiber and biopolymer adhesion, studies on fiber surface modification mainly focus on the 

increase of the surface roughness by lignin removal, creating interdiffusion, and mechanical 

interlocking of the cellulose fraction using fiber pretreatment processes combined with 

dispersion agents to induce availability hydroxyl groups, capable of bonding with the polymer 

matrix creating a strong and stiff component (Balla et al., 2019; Lee; Khalina; Lee, 2021). Some 

works have reported the suitability of partially bleached fibers to achieve a strong interfacial 

adhesion with PLA, while others have reported excellent results with fully bleached fibers 

(Delgado-Aguilar et al., 2018; Granda et al., 2016). However, in some cases, the use of 

dispersants is required, and the chemical treatments for removing surface lignin inexorably 

generate a residual stream, questioning the overall process sustainability. Thus, the use of high-

yield fibers such as mechanical or thermomechanical fibers is encouraged, as the main 

lignocellulosic constituents are preserved and the most significant modifications are in terms of 

morphology (Mujtaba et al., 2023). Concretely, the direct fibrillation of wood fibers generates 

a significant increase on surface roughness, together with fine elements with high surface area 

that can improve the fiber reinforcing potential (Graupner et al., 2023). Other strategies 

encompass the implementation of silane-coupling between fibers and polymers, enhancing fiber 

hydrophobicity and promoting their dispersion and interactions with PLA (Chen et al., 2021). 

In previous works, silane coupling agents were efficiently condensed to the fiber surface 

through reactions involving hydroxyl and alkoxy groups capable of grafting both fiber and 
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polymer (Chen et al., 2021; Luo et al., 2016; Yang et al., 2023). Also, the presence of lignin 

increases the availability of hydroxyl groups that can couple with reactive silanol groups. 

Studies by Zhu et al. (2015), Yeo; Lee; Hwang, (2017), and Wang et al. (2020) demonstrated 

an increase in tensile strength and improvement in the miscibility of silane-treated lignin 

composites with unsaturated polyester resins and PLA.  

For all the above, the present work aims at elucidating the suitability of incorporating 

stone groundwood fibers (SGW) from pine into PLA at different fiber contents, together with 

the influence of (3-glycidyloxypropyl)trimethoxysilane (GPS) as a coupling agent. A 

comprehensive assessment of the biocomposite properties is provided, as well as a strategy for 

developing fully bio-based and biodegradable biocomposites using high-yield fibers, 

constituting a strong alternative to commodity composites (e.g., PP/GF) for several 

applications.   

  

 

3.2 MATERIALS AND METHODS  
 

3.2.1 COMPOSITES RAW MATERIALS  

 

PLA with 1.24 g/cm3 density (Ingeo Biopolymer 4043D) was supplied by Natureworks 

(Minneapolis, MN, USA) and used as a biodegradable thermoplastic matrix. A commercial 

grade of stone groundwood pine pulp (SGW) was kindly provided by Zubialde S.A. 

(Aizarnazabal, Spain). The pulp was supplied in the form of dried blocks, with a moisture 

content below 10 % by weight. Fibers were modified by the incorporation of modified amounts 

of (3-glycidyloxypropyl)trimethoxysilane (GPS), also known as silane coupling agent KH560, 

acquired at Merck (Barcelona, Spain). Figure 3.1 shows PLA and pine SGW raw materials 

applied in this research.  

 

 
Figure 3.  1 Biocomposites raw materials. 
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3.2.2 SGW CHEMICAL COMPOSITION DETERMINATION   

 

Neat SGW pulp was chemically characterized according to the Technical Association 

of the Pulp and Paper Industry (TAPPI) standard methodologies. In order to prepare the samples 

for characterization, the pulp was air-dried for 24 h at 25 °C as described in T257. The dried 

SGW was then milled and sieved (40 mesh). Extractives were determined in a Soxhlet apparatus 

using an ethanol-toluene mixture as solvent (TAPPI T204). The solvent-free sample was then 

used for lignin determination according to TAPPI standard T222, quantifying acid-insoluble 

lignin. The cellulose content was determined by high-performance anion exchange 

chromatography (HPAEC), while the hemicellulose was estimated by subtracting from 100%.  

 

3.2.2.1 Extractives determination  

 

The extractive content determination of SGW pulp was adapted from the TAPPI 

standard procedure, T2014 (Buchanan, 2012). Approximately 5 g of dry samples for which the 

experiment was placed in extraction thimbles on the Soxhlet apparatus. The extraction was 

performed with approximately 150 mL of a mixture of ethanol-benzene 1:2 v/v for 5 h. The 

experiments were conducted in duplicate, and the extract was dried at 105 °C in an oven until 

constant weight. The extractives content (%) in ethanol-benzene was determined according to 

Eq. 3.1, in which refers to the dried weight of extractables and   to the dried 

weight of the original sample. 

 

                                                                        Eq. 3.1 

  

 

3.2.2.2 Acid-insoluble lignin content 

 

The acid-insoluble lignin content was quantified according to TAPPI standard T222 

(Tappi, 2011), with slight modifications. The free-extract samples (approximately 2 dry g) were 

submitted to acid hydrolysis with 40 mL of 72 % sulfuric acid solution. The experiment was 

carried out for 2 h under 10 - 20 °C with frequent manual agitation to ensure complete sample 

dissolution. The solution was then rinsed with approximately 400 mL of distilled water and 
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diluted to a 3% concentration of sulfuric acid by the addition of distilled water to a total volume 

of 1540 mL and boiled for 4 h, with additional water frequently added to keep the initial volume. 

With the end of reaction time and total lignin precipitation, the solution was filtered by filtering 

crucibles, with the addition of hot water to wash the cake and remove the remaining acid. The 

acid-insoluble lignin was then dried at 105 °C until constant weight. The acid-insoluble lignin 

( ) content (%) obtained gravimetrically was determined according to Eq. 3.2, in which 

refers to the dried weight of lignin and   to the dried weight of the original 

sample. 

 

                                                                                             Eq. 3.2 

 

3.2.2.3 Cellulose content   

 

Cellulose content was determined by high-performance anion exchange 

chromatography (HPAEC), as reported by Tarrés et al., (2017) and previously by Hausser; 

Marinkovic; Estrine, (2011). For sample preparation, approximately 200 mg (dry weight) of 

extract-free SGW samples were hydrolyzed in for 60 min in 3 mL of 72% sulfuric acid with 

constant agitation. After hydrolysis, the samples were diluted by adding 84 mL of deionized 

water, placed in an autoclave for 60 min at 125 °C, then filtered under vacuum through a 

0.22 μm pore-size nylon membrane, and washed twice with deionized water. The prepared 

samples are subject to high-performance anion exchange chromatography (HPAEC), coupled 

with a differential refractometer (Waters 410) equipped with a system controller (Waters 600E), 

and an adsorption column ICSep ICE-ORH-801. Cellulose was quantified using glucose 

content by comparing the elution band of the sample with the standard solution of glucose.  

 

 

 3.2.3 FIBER SURFACE TREATMENT AND CHARACTERIZATION  

 

3.2.3.1 Fiber silylation 

 

SGW surface treatment was carried out using the silane coupling agent (3-

glycidyloxypropyl)trimethoxysilane (GPS). First, SWG pulp was dispersed in water using a 

baffled pilot-scale pulper at a consistency of 5 wt% at room temperature and 1100 rpm for 30 
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min, enabling the disintegration of the starting blocks, leading to fiber individualization and 

pulp dispersion in water. The selected rotor configuration was centered and helicoidal. After 

fiber dispersion, the pulper was discharged, and the pulp was further diluted with water until 

reaching a pulp consistency of 3 wt% under mechanical stirring. 

The silanization of the SGW fiber was performed by the dropwise addition of GPS at 

different GPS-to-fiber ratios, ranging from 0 to 10 %, into the SGW pulp dispersed in water 

(pulp consistency of 3 wt%) under gentle stirring for 30 min. The fibers were then filtered over 

a 200-mesh nylon cloth and air-dried for 48 h. The samples were named according to the fiber 

and GPS content (e.g., the sample containing 5 % of GPS was labeled as SGW5). 

 

3.2.3.2 Morphological features of silane-treated and untreated SGW   

 

Fiber morphology, including average fiber diameter and length, fines content (fibers shorter 

than 75 μm), and size distribution of silane-treated and untreated SGW, was conducted using a 

MorFi Compact fiber analyzer (TechPap SAS, serial number 1024, France), according to ISO 

16065-2:2007, for the determination of fiber length by automated optical analysis using 

unpolarized light. The equipment consists of a measuring cell with a CCD video camera 

(connected to a PC), a hydraulic system (mainly composed of a pump, tank, and electro-valves), 

and a carousel incorporated for analyzing 5 consecutive samples and 1 washing container. For 

each analysis, 1 g of dry sample was suspended in 1 L of distilled water and fractioned into 4 

parts of 250 mL and placed into 4 containers with the addition of distilled water to a total 

volume of 1 L. Two containers were used for washing the cell between each sample analyzed. 

The aqueous fibrous suspension flows through the measurement cell, and the optical resolution 

was set at 10 μm, and the working resolution reached even 4 μm. The mean fiber arithmetic 

length, mean length-weight fiber length, the percentage of fine content in length, and the fiber 

distribution in arithmetic length were measured with the StatMorf software (v7.10.19). 

 

  

3.2.3.3 Fourier transform infrared-attenuated total reflectance spectroscopy (FTIR-

ATR)  

 

FTIR-ATR spectroscopy analysis was performed to assess the effect of the coupling 

agent on the treated and untreated SGW chemical composition using a compact spectrometer 
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Alpha II (Bruker Corporation, Massachusetts, United States). Spectra were acquired from a 

platinum ATR accessory at a resolution of 4 cm-1 within the 400 to 4000 cm–1 wavenumber 

range. 

3.2.4 COMPOUNDING OF PLA/SGW BIOCOMPOSITES 

3.2.4.1 Biocomposites melt-compounding 

 

Previously dried SGW samples, both unmodified and GPS-modified, were incorporated 

at 20 and 30 wt% into the PLA matrix using a high-speed kinetic mixer (Gelimat, Draiswerke 

Inc, NJ, USA). The SGW fibers were first incorporated into the mixing chamber at a low 

rotational speed (315 rpm), and then, the PLA fraction was also incorporated. The rotational 

speed was gradually increased up to 3,000 rpm, reaching a temperature of 195 °C, enabling the 

melting of the polymeric matrix and fiber wetting and dispersion. Each biocomposite 

formulation was discharged, separated into small pieces, and milled using a knife mill (SM 100, 

Retsch GmbH, Haan, Germany) equipped with a 4 mm sieve at the bottom. The samples were 

stored in an oven at 80 °C to avoid moisture absorption. 

 

3.2.4.2 Injection molding of the biocomposites  

 

The melt-compounding biocomposites pellets, PLA20SGW and PLA30SGW (0, 3, 5, 

7, and 10 % of GPS) were used as raw materials in the production of standard specimens for 

tensile, flexural, and impact tests obtained using an injection molding machine Allrounder 

(model 320C 500-170, series 205029, Arburg GmbH + Co KG, Lossburg, Germany), with a 

screw diameter of 25 mm. Table 3.1 presents the injection molding machine technical 

properties and the selected parameters for the PLA/SGW biocomposites injection.  

 
Table 3. 1 Technical and selected properties of the injection mold machine. 

Properties  Machine capacity Selected values Units 
Hopper capacity  5 1 kg 
Barrel temperature  - 190/200/210/215/220 °C 
Injection pressure (max) 2000 1200 bar 
Hold pressure  - 800 bar 
Motor speed (max) 1800 - rpm 
Screw speed (max) 44 25 m/min 
Clamping force (max) 70 - tons 
Mold temperature  - 80 °C 
Cooling time  - 15 s 
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From the feeding zone to the nozzle, the PLA/SGW barrel injection temperature was 

selected as 190, 200, 210, 215, and 220 °C, as recommended for the PLA fabricants in technical 

specifications. Approximately 1 kg of biocomposite pellets were filled in the injection molding 

machine to inject around 25 specimens of tensile, flexural, and impact. The tensile specimen’s 

dimensions with dog-bone shape were 165 mm full length (115 mm distance between grips), 

20 mm wide and 3.3 mm thick, according to ASTM D638 (type I, narrow section 57 mm × 13 

mm), while the flexural were 127 (51) mm x 12.7 mm x 3.2 mm according with ASTM D790, 

and impact specimens with 12.7 mm wide x 3.2 mm thick ASTM D4812. Figure 3.2 shows 

samples of melt-compound PLA/SGW biocomposites pellets and injected tensile and flexural 

specimens.    

 

 
Figure 3.  2 Biocomposite pellets and specimens. 

 

 

3.2.5 BIOCOMPOSITES CHARACTERIZATION  

 

3.2.5.1 Melt flow index (MFI) 

 

Melt Flow Index (MFI) was determined in a CEAST testing equipment (7082,000, 

series 17959, Pianezza, Italy), according to ISO 1133 standard. The extrusion rate was 

determined as the mass extruded over a specified time at 210 °C and a load of 2.16 kg, as 

suggested by the PLA supplier. Approximately 6 g of each material was placed into the die, and 

the MFI was expressed in g/10 min, representing the amount of material that flows through the 

equipment in 10 min. 
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3.2.5.2 Density  

 

The density of the biocomposites (ρC) was determined using the liquid pycnometer 

method, as specified in the ISO 1183-1 standard. To perform the analysis, approximately 3 g of 

ground tensile specimens were added to a 50 cm3 glass pycnometer and filled with distilled 

water at room temperature (21 °C) as immersion liquid. The composite density was calculated 

by Eq. 3.3.  

 

                                                                                                  Eq. 3.3 

  

in which  is the total volume of the pycnometer and water is the density of the water. The 

weight of the composite and water were represented by  and water, respectively.  

 

3.2.5.3 Melt rheology  

 

The rheology measurements were conducted according to the ASTM D4440-15 

standard on a modular rheometer (model MCR 302e, Anton Paar GmbH, Graz, Austria) in 

oscillatory mode. A parallel plate geometry arrangement with a gap of 1 mm was employed, 

and the measurements were taken in the PLA melt state at 190 °C. The frequency range used 

was set between 0.1 and 100 Hz. The linear viscoelastic region was determined using an 

amplitude sweep deformation of 5 %, with controlled shear deformation. The storage and loss 

modulus and the complex viscosity of the composites were measured by the TruStrainTM 

software.  

 

3.2.5.4 Mechanical properties  

 

Neat PLA and PLA/SGW (0, 3, 5, 7, and 10 wt% GPS) biocomposites specimens were 

conditioned on a climatic chamber (Dycometal, Barcelona, Spain) according to ISO D618 

standard for 48 h at 23 °C and 50 % relative humidity. The tensile and flexural strength tests 

were performed on a universal testing machine (DTC-10, IDM Test S.L, San Sebastian, Spain) 

equipped with a 5 kN load cell and an extensometer. The tensile strength test was carried out 

according to ASTM D638 standard at 2 mm/min. For Young's modulus determination, an 

extensometer was coupled to the specimens, and the test was performed until 0.25% strain on 
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the stress-strain plot according to the ASTM D638 standard. The flexural strength tests were 

carried out according to ASTM D790. The impact test was performed on a Resil 5,5 hammer 

(Ceast, Pianezza, Italy) test machine as described on the ASTM D6110 (Charpy impact), and 

ASTM D256 (Izod impact) standards, at unnotched specimens. Both mechanical properties 

were expressed as the average of 5 tested specimens of each sample.  

 

 

 

3.2.5.4.1 Statistical analysis of mechanical properties  

 

Statistical analysis of variance (ANOVA) and pairwise multiple comparisons with 

Tukey’s HSD (honestly significant difference) test (p < 0.05) were carried out using the 

Statistica® 10 software (Statsoft Inc., USA) at a 95% level of confidence to identify the effect 

of fiber load and GPS silane modification degree and its significance in the mechanical 

properties of PLA/SGW biocomposites. 

 

3.2.5.5 Electron microscopy  

 

The surface of the fractured tensile samples was analyzed by field emission scanning 

electron microscopy (FE-SEM, Hitachi S-4100, Japan). The samples were previously fixed on 

a sample holder using conductive carbon tape and coated with a carbon layer using a turbo 

evaporator device (Emitech K950, Germany) to avoid surface charging during the analysis. 

Images were taken using the Quartz PCI software at accelerating voltages of 5.0 kV and 

magnification of 600x, with a secondary electron detector (SED).  

 

3.2.5.6 Thermal analysis  

 

Thermogravimetric analysis (TGA) was performed to assess the effect of incorporating 

the SGW fibers on the thermal stability of the PLA matrix, using a thermogravimetric analyzer 

(Mettler-Toledo, LLC, USA). Analyses were performed from 30 to 600 °C at a heating rate of 

10 °C min–1 under an inert nitrogen atmosphere. The thermal behaviors of neat PLA and 

PLA/SGW biocomposites were analyzed by differential scanning calorimetry (DSC) to 

evaluate the physical properties related to the material transition measurement (DSC822e, 
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Mettler-Toledo, LLC, USA). Samples were analyzed at a heating/cooling rate of 10 °C min–1 

from 30 to 210 °C under an inert N2 atmosphere. The degree of crystallinity, Xc (%), was 

calculated with the first heating scans (given that the thermal history involved curing) as a 

function of melt and cold-crystallization enthalpy (ΔHm and ΔHCC, respectively), the PLA 

theoretical melting enthalpy (ΔH°m), as shown in Eq.3.4.  

 

                                                                                             Eq. 3.4  

considering ΔH°m as 93.6 J/g for 100 % crystalline PLA (Hakim et al., 2017).  

 

3.2.6 FIBER CHARACTERIZATION AFTER BIOCOMPOSITES COMPOUNDING  

 

3.2.6.1 Morphological features of silane-treated and untreated SGW after injection  

 

To evaluate the extension of fiber morphological degradation and shortening after the 

injection processes, the fibers were extracted from the composites, and their morphological 

characteristics were measured, as described in item 3.2.3.2 Morphological features of silane-

treated and untreated SGW. Around 5g of PLA30SGW and PLA30SGW5 samples were 

solubilized in 50 mL chloroform-DMF (dimethyl formamide) at a 4:1 v/v solution under 

agitation for 24 h. The extracted fibers were filtered using a vacuum pump, washed with 

acetone, and with distilled water. The morphological analysis was performed after the samples 

were oven-dried at 105 °C for 24 h.   

 

3.2.6.2 Fiber density and volume in the biocomposites  

 

The fiber density in the biocomposites ( F) was estimated according to the 

biocomposites' density using the rule of mixture applied by Equation 3.5 using the data obtained 

by Equation 3.3.  

 

                                                                                                 Eq. 3.5 
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in which PLA is the density of the matrix, and the weight of the fiber and the PLA matrix were 

described as  and PLA, respectively. 

Further, fiber volume was estimated in function of F, using Equation 3.5, considering 

the fiber fraction as x .  

 

                                                                                           Eq. 3.6  

 

 

3.2.7 MICROMECHANICAL MODELLING  

 

The micromechanics of the developed biocomposites was approached by combining the 

modified rule of mixtures (mRoM), the Hirsch model, and the Tresca and Von Misses criteria 

for the interfacial shear stress (IFSS) calculation, together with the determination of the critical 

length (Lc
F). The input data consisted of both stress-strain curves and average data from the 

matrix and biocomposite tensile tests, as well as the morphological features (average length, 

diameter, and fines content in length) of the extracted fibers. 

The matrix contribution to the biocomposite tensile strength (σt
m*) was determined by 

calculating the tensile strength of the matrix at the elongation at the break of each biocomposite, 

previously fitting the stress-strain curve of the PLA matrix to a fifth-order polynomial equation 

(Eq. 3.7). Then, the mRoM was used to determine the value of the fiber tensile strength factor 

(Eq. 3.8, where VF stands for the volume fraction of the fiber within the biocomposite), resulting 

from the product between the coupling factor (fc) and the intrinsic tensile strength of the SGW 

fibers (σt
F) according to Eq. 3.9. 

 

 

Eq. 3.7 

 Eq. 3.8 

 Eq. 3.9 

 

In parallel, the intrinsic tensile modulus of the fiber (Et
F) was calculated using the Hirsch 

model (Eq. 3.10). 
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Eq. 3.10 

 

where  and  are the elastic modulus of the biocomposite and the matrix, respectively, both 

obtained during the tensile test, and  is the stress transfer factor (Serra-Parareda et al., 2021). 

A value of 0.4 was assigned to this factor, as previously reported. The average Et
F was then 

calculated and, considering an elastic behavior of the developed biocomposites, the average  

was obtained. 

The IFSS was estimated through the Tresca and Von Misses criteria, τT and τVM, 

according to Eqs. 3.11 and 3.12, respectively. 

 

 
Eq. 3.11 

 

 

Eq. 3.12 

Critical length (Lc
F) was calculated according to Eq. 3.13, considering that most of the 

biocomposite fibers corresponded to subcritical fibers, the interface factor χ2 was calculated 

according to Eq. 3.14, and finally, the fiber orientation factor (χ1) was determined according to 

Eq. 3.15, 

 

 
Eq. 3.13 

 
Eq. 3.14 

 Eq. 3.15 

 

where  and  correspond to the fiber diameter and length, both expressed in μm, 

respectively. 

 

 

3.3 RESULTS AND DISCUSSION  
  

3.3.1 STONE GROUNDWOOD FIBER CHARACTERIZATION  
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The chemical composition and the main morphological features of the SGW pulp are 

shown in Table 3.2. This includes the cellulose, hemicellulose, Klason lignin, and extractives 

contents that comprehend the chemical composition, and the fiber length weighted in length 

(LF), average fiber diameter (dF), and fines content (f) regarding morphology. SGW pulp 

exhibited a chemical composition similar to that of pine wood, containing 42 to 52 % cellulose, 

24 – 28 % hemicelluloses, 22 – 28 % lignin, and 2 – 3 % extractives (Ferraz et al., 2000; Maaoui 

et al., 2023; Reyes et al., 2013; Sable et al., 2012). These similarities are expected, considering 

that SGW is a mechanical pulp produced by mechanical fibrillation using cold water as a 

lubricant, which results in high production yields, slight chemical modifications, and minimized 

side-stream generation (López et al., 2012). Chemical composition imparts remarkable effects 

on fiber dispersion and their interaction with the polymer matrix (Yang; Ching; Chuah, 2019). 

However, the chemical interface between PLA and NF has not been successfully addressed in 

the literature. 

 

Table 3. 2 Chemical composition and morphological features of SGW. 

Chemical composition (%) 
Cellulose  42.3 ± 1.6 
Hemicelluloses 27.1 ± 2.1 
Klason lignin 29.6 ± 1.8 
Extractives 1.9 ± 0.2 

Fiber morphology (μm) 
Length 497 ± 31 
Diameter  25.9 ± 1.8 
Fines  40.5 ± 2.5 

 

 The hydrophobic character of PLA should hinder its interactions with hydrophilic 

natural fibers. Previous studies revealed that the presence of lignin could benefit these 

interactions, mainly due to its hydrophobic character. Exemplarily, the presence of moderate 

amounts of lignin in jute fibers enhanced their interfacial adhesion with PLA, boosting tensile 

strength by 46 % with a 30 wt% addition of partially bleached jute fibers (Delgado-Aguilar et 

al., 2018). In a previous study, the surface properties of SGW and bleached kraft pine pulp were 

used to demonstrate that cellulose has a higher affinity for PLA than lignin (Granda et al., 2016). 

In this sense and aligned with previous works on PLA/lignin composites, the use of GPS should 

benefit from the improved dispersion provided by lignin, enhancing interface properties by 

silanization of the fiber surface (Tan et al., 2023; Wang et al., 2020; Zhu et al., 2015). 

In addition to chemical composition, fiber morphology also has a pivotal role in the 

reinforcing potential of fiber-reinforced composites, particularly the length-to-diameter ratio, 
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known as the aspect or slenderness ratio. As revealed in Table 3.2, SGW exhibited a fiber length 

and diameter of 497 and 25.9 μm, respectively, leading to an aspect ratio of 19.2. However, 

during compounding and injection molding, fibers experience shortening due to the shear stress 

among fibers, with the polymer matrix, and with the cavity of the processing equipment (Wang 

et al., 2011). This generates a disentanglement of the fiber bundles, exposing more surfaces to 

be wetted by the matrix and increasing the susceptibility to fiber-matrix interactions (Hasan; 

Rabbi; Maruf Billah, 2022). Figure 3.3 compares the fiber length distribution of the unmodified 

SGW before and after compounding (extracted from the biocomposites at 20, and 30 wt% fiber 

content) and SGW5. 

 
Figure 3.  3 Fiber length distribution before and after injection of untreated 20 wt% SGW 

(A), untreated 30 wt% SGW (B), 20 wt% SGW5 (C), and 30 wt% SGW5(D). 
 

Figure 3.3 reveals that, as mentioned above, the injection molding generates a 

significant fiber shortening, shifting the length distribution to the left. In comparative terms, the 

average fiber length of the untreated SGW decreased from 497 to 205 μm, representing a 

shortening of 59 %. However, fiber diameter did not experience significant changes. In the case 

of the SGW5, fiber shortening was of the same magnitude, starting at 493 μm and ending at 

192 μm after the injection process, while in the case of the untreated SGW, fiber diameter 

remained constant.  



 
 

67 
 

A significant increase in the fine content was observed in both cases, starting at 43 % 

approximately for both fibers and ending at around 60 %. This high increase indicates that the 

compounding and the injection process highly fibrillates the fibers and that some of the fiber 

particles are not considered in the fiber length distribution from Figure 3.3. In addition, fine 

fibers are expected to exhibit lower diameters. Hence, the MorFi equipment could not detect 

the effect of these high surface area fibrils on the evolution of biocomposite strength. 

The chemical composition and morphology of lignocellulosic fibers play a pivotal role 

in composite formulation, directly related to the performance of its thermomechanical 

properties (Granda et al., 2016). However, to enhance the compatibility between the PLA 

polymer matrix, formed by weakly polar ester bonds, and the hydroxyl groups of the 

lignocellulose structure, the SGW pulp required partial surface modification. As previously 

discussed, Granda et al. (2016) explored the use of diethylene glycol dimethyl ether as a 

dispersant agent for bleached kraft softwood fibers, to avoid fiber agglomeration during 

compounding. In further studies, Delgado-Aguilar et al., (2018) observed that the mechanical 

performance of PLA/jute fiber composites increased in the presence of an optimum lignin 

content after fiber bleaching.  

The preservation of the lignocellulosic constituents should be set as a priority, from a 

resource-efficiency perspective. Lignin concentration is higher at the outer layers of the 

lignocellulosic fibers and most of the interactions with PLA, in case of using high-lignin fibers 

as reinforcement, would take place with lignin rather than with cellulose. Studies by Chen et al. 

(2021), Wang et al. (2020), and Zhu et al. (2015) investigated the application of silane coupling 

agents for constructing compatible interfaces between PLA/fiber and PLA/lignin and 

improving its thermo-mechanical properties, since silane reactive groups bind to the carboxyl-

terminal groups of PLA and the lignocellulose hydroxyl groups, as represented in Figure 3.4 

(A), resulting in improvements of around 40 and 43 % for bending and tensile strengths, 

respectively.    

Modifications on the SGW chemical structure after 3, 5, 7, and 10 wt% GPS treatment 

were assessed by FT-IR spectroscopy (Figure 3.4 B). The main representative bands related to 

cellulose, hemicelluloses, and lignin were centered at 3313 cm-1 for the O−H intra- and 

intermolecular stretching hydroxyl groups, at 2890 cm-1 for the C−H stretching methyl and 

methylene groups, at 1606 cm-1 for aromatic ring vibration attributed to lignin, and at 1018 cm-

1 for the C–O–C asymmetric stretching in carbohydrates and the C–H in-plane deformation in 

aromatic groups (Javier-Astete; Jimenez-Davalos; Zolla, 2021; Méndez et al., 2007).   
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  By increasing the GPS concentration from 0 to 10 wt%, a proportional reduction in the 

O–H stretching vibrations was noticed, demonstrating that part of the available lignocellulose 

hydroxyl groups were grafted by silanol groups formed after Si−OCH3 hydrolysis of the 

coupling agent in aqueous media (Chen et al., 2021). However, there was no clear evidence for 

fiber silanization, since sharp Si–O–C vibrations at 1000-1200 cm−1 and Si−O−Si vibrations 

(from silanol self-polymerization) at 700-800 cm−1 were not present in the spectra (Barczewski; 

Matykiewicz; Szostak, 2020; Chen et al., 2021; Liu et al., 2019b; Zhang et al., 2022). 

 
Figure 3.  4 (A) Fiber coupling agent silanization reaction; (B) FT-IR spectra of untreated and 
GPS-treated SGW at different concentrations; (C) Proposed Fiber-GPS-PLA bonding scheme. 

 

   The fiber silanization and grafting mechanism, for both lignin and cellulose into PLA 

structure, represented in Figure 3.4 (C) comprise the coupling agent (GPS) hydrolysis, from 
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silane into silanol groups, possible self-condensation between the silanol hydroxyl groups, due 

to its high reactivity followed by hydrogen bond formation with the fiber surface, subsequent 

physical adsorption and grafting, characterized by the formation of covalent bonds from the 

dehydration of the hydrogen bonds (during the fiber drying process) between the silanols and 

the hydroxyl groups of the fibers (Arslan; Dogan, 2018; Chen et al., 2021; Del Angel-Monroy 

et al., 2024; Wang et al., 2020).            

 

3.3.2 PHYSICAL PROPERTIES  

 

 Changes in MFI and density provided useful insights of the effects of SGW 

incorporation into the polymer matrices, both in terms of processability and specific weight of 

the resulting biocomposites. Figure 3.5 shows the evolution of both MFI and density at 

different SGW fiber contents (20 and 30 wt%) and GPS modification degrees. 

 
Figure 3.  5 Evolution of Melt Flow Index (A) and density (B) with the incorporation of GPS 

for the different levels of SGW reinforcement (20 and 30 wt%). 
 

Natural fiber-reinforced composites exhibit shear-thinning behavior that contributes to 

the decrease of MFI values as fiber content was increased (Figure 3.5 A) (Awal; Rana; Sain, 

2015). The MFI of the PLA matrix decreased from 7 g/10 min to nearly 6 g/10 min at 30 wt% 

fiber content and found its minimum with 30 wt% of SGW and between 7 and 10 % GPS. 

Hence, fiber incorporation in the PLA matrix decreases the composite MFI; consequently, the 

fibers do not melt and contribute to the viscosity of the polymer due to fiber-polymer 

interactions, leading to higher melt strength than the neat polymer (Awal; Rana; Sain, 2015; 

Long et al., 2019). Furthermore, as discussed above, SGW is a highly fibrillated pulp, counting 

on pronounced surface fibrillation due to the processing conditions. This highly fibrillated 

surface, together with the generation of shorter and finer fibers during compounding, 
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significantly contributes to the fiber interactions with the polymer and, thus, to its flowability 

(Bianchi et al., 2019; Hietala et al., 2014; Jalaee; Foster, 2024). 

Considering that fiber-polymer interactions also affect chain mobility in the melt state, 

for certain fiber content, increasing GPS resulted in lower MFI, indicating that the presence of 

GPS promoted the adhesion of the two biocomposite phases (Luo et al., 2016). Fan et al., (2023) 

also reported a linear decrease in MFI values as the fiber and the coupling agent contents were 

increased. Some authors reported that the melt rheology of fiber-reinforced composites 

provides useful information about fiber-matrix interactions (El Omari et al., 2023; Fourati et 

al., 2021; Hristov; Vlachopoulos, 2007). Figure 3.6 shows the storage modulus (G’), loss 

modulus (G’’), complex viscosity (η*), and the loss factor (tan (δ)) of different biocomposites 

compared to PLA. 

 
Figure 3.  6 Rheological features of the neat PLA and the PLA composites containing 

unmodified and 5 wt% GPS-modified SGW (20 and 30 wt%).  
 

Figure 3.6 reveals significant differences at low shear rates with the incorporation of 

SGW, particularly in terms of G’, G’’, and η*. At low shear rates, G’’ dominated over G’, 

clearly suggesting that materials exhibited predominantly a viscous behavior. However, these 

differences became lower as the fiber content was increased, as illustrated by Figure 3.6 D, 

where the loss factor is provided. At low shear rates, the viscous behavior of PLA was much 
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more accentuated than in the case of the resulting biocomposites, which exhibited lower loss 

factor values. This effect, provided by the inclusion of fibers into the PLA matrix, is attributed 

to the presence of a strong network of fibers within the polymer matrix (Safdari et al., 2018). 

In addition, at low frequencies, the obtained G’ for the biocomposites containing 30 wt% SGW 

was found to be up to two orders of magnitude higher, confirming these interactions. As the 

amount of fiber increased in the biocomposites, the loss factor became lower, indicating its 

predominantly elastic behavior. 

In addition, regardless of the fiber content, a crossover point was normally found 

between 40 and 50 Hz. While the presence of GPS had a direct influence on MFI and as later 

discussed, on the mechanical properties of the obtained biocomposites, no significant effects 

were found on its rheological behavior in the melt state, as previously observed for PLA 

biocomposites reinforced with silane-coupled lignocellulosic fibers (Chen et al., 2021). 

 

 

3.3.3 MECHANICAL PROPERTIES EVALUATION  

 

3.3.3.1 Tensile properties  

 

Table 3.3 provides the tensile strength characteristics of the obtained biocomposites as 

a function of fiber and GPS contents. In all cases, regardless of the GPS content, the tensile 

strength and Young’s modulus were increased. The incorporation of neat SGW enhanced the 

tensile strength of the composite by 14 and 27% for an addition of 20 and 30 wt%, respectively.  

For the same fiber content, the incorporation of 5% GPS enhanced tensile properties by 

24 and 37%. In addition, the presence of GPS gradually increased the reinforcing capacity of 

SGW, reaching a plateau between 5 and 7% to be decreased afterward with a 10% addition. 

This effect was not observed in Young’s modulus, where a significant enhancement was 

obtained regardless of the GPS content. 

Tensile strength measurements revealed the potential of PLA biocomposites to replace 

several commodity PP composites reinforced, for instance, with glass fiber. The incorporation 

of 20 wt% glass fiber into PP generates materials with tensile strengths of around 60 MPa and 

densities of 1.35 g/cm3 (Eftekhari; Fatemi, 2016). These tensile strengths were already achieved 

with 20 wt% SGW in PLA with densities below 1.28 g/cm3, representing a competitive 

advantage for obtaining lighter materials with similar mechanical properties that, in turn, come 
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from bio-based resources and can be biodegraded at their end of life. Moreover, SGW 

processing is safe and well-established, while glass fiber handling imparts negative effects on 

the environment and on human health, particularly for workers directly involved in the process 

(Gonçalves; Martinho; Oliveira, 2022). 

 

Table 3. 3 Tensile properties of the PLA/SGW biocomposites. 

SGW 
(wt%) Vf GPS 

(wt%) 
σtc 

(MPa) 
Etc 

(GPa) 
εtc 

(%) 
σtm* 

(MPa) 
0 0.0 0 53.27 ± 2.14 3.8 ± 0.1 3.22 ± 0.01 - 

20 0.151 

0 60.94 ± 1.79 5.2 ± 0.1 3.12 ± 0.09 53.18 
3 62.25 ± 1.38 5.7 ± 0.2 2.80 ± 0.19 51.27 
5 66.15 ± 0.62 5.2 ± 0.1 2.93 ± 0.11 52.39 
7 64.86 ± 0.79 5.3 ± 0.1 2.88 ± 0.09 52.01 
10 64.58 ± 1.19 5.5 ± 0.1 2.87 ± 0.07 51.92 

30 0.229 

0 67.77 ± 0.65 6.8 ± 0.1 2.62 ± 0.08 49.14 
3 68.36 ± 1.62 7.1 ± 0.3 2.76 ± 0.12 50.85 
5 73.19 ± 2.08 6.8 ± 0.2 2.84 ± 0.28 51.66 
7 74.21 ± 0.79 6.6 ± 0.1 2.78 ± 0.05 51.06 
10 68.89 ± 2.30 6.5 ± 0.1 2.69 ± 0.16 50.04 

σt
c: tensile strength; Et

c: Young’s modulus; εt
c: elongation at break; σt

m*: contribution of the 
matrix to tensile strength 
 

Incorporating a silane coupling agent resulted in reduced fiber debonding from the 

matrix under stress. In Figure 3.7, it is shown that the biocomposites achieved their maximum 

performance when the SGW content for tensile strength was between 5% and 7% of GPS. 

Tukey’s HSD test of tensile strength results also confirmed that the silane treatment had 

statistically significantly different effects (p < 0.05) for 5% and 7% of GPS compared to 

untreated SGW. No statistical difference (p < 0.05) was evidenced between untreated fiber (0% 

GPS), 3, and 10% GPS for both SGW content.     

The mechanism of silane coupling in lignocellulosic fiber biocomposites has been 

previously reported, revealing that layers of coupling agents are formed during GPS grafting 

and adsorption onto the fiber surface as covalent and hydrogen bonds, and the epoxy organo-

functional group leads to interdiffusion with the polymeric matrix, contributing to successful 

reinforcement and efficient stress transfer between the fiber and the matrix (Arslan; Dogan, 

2018; Doan; Brodowsky; Mäder, 2012). 
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Figure 3.  7 Evolution of tensile strength of the biocomposites at different GPS and SGW 
contents. Distinct letters represent statistical differences by Tukey's HSD test (p < 0.05). 

 

Nandi and Das (2023) reported improvements in the tensile strength of PLA reinforced 

with 50 wt% Himalayan nettle fibers by 13.33, 18.65, 16.50, and 12.27 % with the presence of 

0.5, 1.0, 2.5, and 5.0 % silane coupling agent, respectively. A decrease in tensile strength was 

observed at high concentrations due to the potential disruption of cellulose crystalline regions. 

This effect was also observed for biocomposites containing fibers with GPS contents above 7 

%. However, the obtained values were still higher than the neat fiber, for both 20 and 30 wt% 

SGW content. This could also be attributed to the self-condensation structures of silanol groups 

grafted onto the SGW surface, leading to fiber aggregation. Jandas et al. (2011) enhanced the 

tensile strength of PLA reinforced with 10, 20, 30, and 40 wt% banana fibers. The best results 

were obtained with the incorporation of 30 wt% banana fibers. Also, an increase of 

approximately 15 and 35 % in tensile strength, and 4 and 13 % in tensile modulus upon 

treatment with two different silane coupling agents, 3-aminopropyltriethoxysilane (APS) and 

bis-(3-triethoxysilylpropyl) tetrasulfane (Si69), respectively. The Young’s modulus of the 

obtained PLA/SGW biocomposites was significantly enhanced compared to the neat matrix, 

achieving an average increase of 36 and 79 % for a 20 and 30 wt% SGW addition, respectively, 

with no clear influence of the GPS content. 

 As mentioned above, Young’s modulus is less influenced by fiber-matrix interactions 

than other properties such as tensile strength, and more related to aspect ratio, fiber stiffness, 

and both fiber distribution and dispersion within the polymer matrix (Ku et al., 2011). In 

addition, other authors observed no significant effect of coupling agents on the elastic modulus 

(Bartos et al., 2021; Ramachandran et al., 2022). In another work, (Dominguez-Candela et al., 
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2022), reported an increase in tensile strength with the incorporation of 15 wt% GPS-treated 

chia seed flour particles into PLA, with an enhancement of 19.2 %.  

Compared to neat PLA, SGW-reinforced composites exhibited a reduction ranging from 

10% to 15% in elongation at break when stiffness was increased (Table 3.3). This phenomenon 

is attributed to the decreased deformability of stiff materials, resulting in diminished fracture 

resistance and intrinsic ductility. Moreover, the incorporation of SGW limited the 

macromolecular mobility of the PLA matrix chain, thereby impacting the deformability of the 

composites (Asaithambi; Ganesan; Ananda Kumar, 2014). Furthermore, the elongation at the 

break of natural fiber-reinforced composites is influenced by factors, such as fiber entanglement 

and orientation. In comparison to PLA/jute fiber composites, for instance, PLA/SGW 

composites demonstrated lower Young's modulus and exhibited less effect on elongation at 

break (Delgado-Aguilar et al., 2018). 

 

 

3.3.3.1.1 Composites morphology from tensile specimens   

 

Figure 3.8 shows the tensile fractured surface morphology of the PLA/SGW composites 

analyzed by a field emission scanning electron microscope, and the effect of the GPS coupling 

agent treatment on the tensile properties. In general, SGW fibers during the tensile deformation 

exhibited two main behaviors,  fiber debonding or pullout, in which the fiber was detached from 

the matrix while maintaining its diameter, or fracture and delamination, in which the fiber 

length was ruptured. However, despite the regular fiber failure, its impregnation in the PLA 

matrix provides a good homogeneity between PLA/fiber, since the incorporation of 20 and 30 

wt% SGW increased the tensile strength, showing a good interfacial adhesion of the composites 

without undergoing silane treatment. 

The silane coupling agent effect was better elucidated in PLA30SGW5 images with a 

two-thousandfold magnification (15 μm), where a strong interaction between the PLA matrix 

and SGW fibers was observed without the presence of voids, leading to a 37% increase in 

tensile strength compared with neat PLA. This confirmed that the silane coupling agent was 

efficiently bonded to the fiber surface. Since SGW incorporation increases the composite 

stiffness and decreases the elongation at break, shear yielding of the matrix was not observed 

in the images. 
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The presence of silanol self-condensation structures adsorbed onto the SGW surface 

resulted in fiber aggregation. This was evidenced by a red ellipse in Figure 3.8 for 

PLA20SGW10 and PLA30SGW10, which induced points of failure and early rupture of the 

sample specimens. The reduction in tensile strength with the increase of up to 8 % GPS was 

also reported by Yang et al. (2023), who observed that with the excessive amount of free 

coupling agent, the composite's interfacial bonding was affected. 

 
Figure 3.  8 FE-SEM images of PLA/SGW composites at increasing GPS content. 

3.3.3.1.2 Micromechanical approach  

FTSF has been extensively used for assessing the reinforcing performance of different 

fibers when incorporated into polymer matrices. It results from the combination of the intrinsic 

tensile strength of the fiber (σt
F) and the coupling factor (fc). The first parameter is inherently 

linked to the nature of reinforcement and should remain constant regardless of the fiber-matrix 

interface, the fiber dispersion, and any other parameter related to composite processing and 
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properties. The second, on the contrary, is a compounded factor referring to fiber orientation 

and fiber-matrix interactions, represented by χ1 and χ2 factors, respectively. Due to the technical 

difficulties in determining σt
F experimentally, FTSF is commonly used for preliminarily 

assessing the reinforcing performance of a certain class of fibers when used as reinforcement 

of a specific polymer matrix. It must be noted that, as the interactions between reinforcement 

and matrix influence fc, the FTSF value will vary from one matrix to another despite the same 

fiber is used. Furthermore, VF can also influence this value, as fiber dispersion may be 

influenced by fiber loading. However, the effect of fiber content is residual compared to σt
F and 

fc, and most of the existing literature provides a mean FTSF value regardless of VF. Table 3.4 

shows the obtained mean FTSF as a function of the GPS content. 

 

Table 3. 4 Mean FTSF, Et
F, σt

F, and fc computed by the mRoM and the Hirsch models 
GPS (wt%) EtF  

(GPa) 

σtF  

(MPa) 

FTSF 

(MPa) 

fc  

0   117.52 0.15 

3   125.66 0.16 

5 27.18 ± 4.01 768.91 ± 37.39 144.61 0.19 

7   144.64 0.19 

10   134.09 0.17 

 

As detailed above, the FTSF is a compounded factor resulting from σt
F and fc. However, 

due to the inaccuracy of the single-fiber tensile test for determining the intrinsic tensile strength 

of the fibers, standard deviations of around 25 % are normally reported (Islam; Pickering; 

Foreman, 2011). Alternatively, the Hirsch model can provide useful insights for its 

determination, assuming that fibers and the composite experience the same strain at break 

(Bowyer; Bader, 1972). The Hirsch model allows the theoretical calculation of the intrinsic 

Young’s modulus of the fiber (Et
F) by assigning a value of 0.4 to orientation and stress 

concentration (β), as widely reported. Then, σt
F can be easily calculated and computed together 

with the FTSF, leading to an estimated fc as a function of the GPS content (Table 3.4).  

The obtained σt
F is of the same order of magnitude than in previous works where SGW 

fibers were used as thermoplastic reinforcement of polypropylene (PP) in presence of maleated 

polypropylene (MAPP) as the coupling agent (López et al., 2011). Regarding the fc values of 

Table 3, the GPS content appeared to directly influence the interactions between the 
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reinforcement and the polymer matrix, gradually increasing from 0.15 (unmodified SGW) to 

0.19 (5 and 7 % GPS) to later decrease to 0.17. Surprisingly, the obtained Et
F of 27.18 GPa was 

significantly higher than the previously reported value of 18.2 GPa for the situation in which 

SGW fibers were used for PP reinforcement. This higher Et
F can be attributed to the highest 

rigidity of the PLA matrix, which may have influenced the calculations. Considering the low 

strain at break of the composites, compared to SGW-reinforced PP composites, this higher 

value was expected. Considering that the intrinsic tensile strength of the fibers is an inherent 

property and that, theoretically, it must remain constant regardless the system where fibers are 

embedded, any change on the FTSF must come from the coupling factor, indicating that 

interface and orientation exerts a determining role in the fiber reinforcing capacity within the 

polymer matrix. The obtained fc value indicates that composites prepared from SGW modified 

with GPS contents ranging from 5 to 7 % leverage systems with appropriate fiber-matrix 

interactions. Actually, for randomly oriented fiber-reinforced composites, a coupling factor of 

0.20 is an indicator of well-bonded systems.  

As previously discussed, fc
 results from the combination between fiber orientation and 

fiber-matrix interfacial features. The interfacial shear stress (IFSS or τ) can be determined by 

the Bowyer-Bader iterative solution to the Kelly-Tyson model or, in a more simplified scenario, 

estimated according to the Tresca and/or Von Misses criteria (τT and τVM, respectively). This 

allows for the determination of the critical length (Lc
F) if σt

F and fiber diameter (dF) are 

computed together, as described by Eq. 7. Critical length varied from one composite to another, 

but all values ranged from 242 to 311 μm. In addition, considering the average fiber length 

weighted in length (Table 3.2) of the fibers after the extraction process, this preserves the fiber 

morphology within the composite, it seems that fibers could be generally considered as 

subcritical. A more detailed analysis could be performed by considering the fiber length 

distribution, as previously reported in other studies (Espinach et al., 2024; Tarrés et al., 2018). 

However, this simplified methodology allows the understanding of the mechanisms taking 

place during fiber reinforcement of PLA. In this sense,  can be obtained from Equation 8, 

and  can be easily obtained considering the obtained values of fc.  

As depicted from Table 3.5, the interface factor  exhibited an increasing tendency 

with the GPS content. This is aligned with the previously observed reduction of O-H stretching 

vibrations by FTIR, potentially generating bonds between lignocellulosic hydroxyl groups and 

silanol groups that increase the SGW hydrophobicity, which may enhance the fiber-matrix 

interactions with PLA. The fiber orientation factor  revealed values between 0.344 and 0.388. 
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According to the literature, a value of 3/8 (0.375) for the orientation factor can be considered 

for randomly oriented 2D composites, which is a comparable case to the composites under study 

due to the thickness of the injected specimens (Garkhail; Heijenrath; Peijs, 2000; Thomason et 

al., 1996). In any case, the micromechanical analysis reveals that both 5 and 7 % GPS addition 

provides a good orientation and interface between PLA and SGW, which is aligned with the 

macromechanical study of the tensile strength.  

 

Table 3. 5 Micromechanical parameters of PLA/SGW composites at increasing SGW and 
GPS content.   

GPS (wt%) VF τT (MPa) τVM (MPa) LcF (μm) * * 

0 
0.151 30.47 35.18 312 

0.344 0.432 
0.229 33.89 39.13 276 

3 
0.151 31.13 35.94 296 

0.386 0.379 
0.229 34.18 39.47 280 

5 
0.151 33.08 38.19 283 

0.388 0.442 
0.229 36.60 42.26 243 

7 
0.151 32.43 37.45 294 

0.376 0.523 
0.229 37.11 42.85 249 

10 
0.151 32.30 37.29 290 

0.353 0.542 
0.229 34.45 39.77 271 

*Calculated using the Von Misses criterion.  

 

 

3.3.3.2 Flexural and impact properties  

 

Similar to the tensile strength properties, the flexural strength and flexural modulus were 

improved with the increase in SGW content, as shown in Table 3.6. The flexural properties of 

GPS-modified PLA/SGW biocomposites in comparison between neat PLA and unmodified 

fiber, resulted in an increase of approximately 15% and 29% in flexural strength, and 46% and 

86% higher flexural modulus, respectively. An opposite effect was observed in flexural 

elongation at break, which decreases by around 21%, and 39% with fiber content increasing 

from 20 to 30 wt.%, indicating that the fiber content induces brittleness to the biocomposites, 

while compared to the matrix. 
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The incorporation of SGW resulted in a linear increase in the biocomposites' tensile and 

flexural strength. Flexural strength values of around 93, and 104 MPa for 20 to 30 wt.% SGW 

were achieved, respectively. This motivates the use of biocomposites for high-performance 

applications, as these properties allow the evaluation of the anisotropy character of natural 

fibers (Tarrés et al., 2019). 

 

Table 3. 6 Flexural properties of the PLA/SGW biocomposites.  

SGW (wt%) VF GPS (wt%) 
σF

c 

(MPa) 

EF
c 

(GPa) 

εF
c 

(%) 

0 0.0 0 80.63 ± 1.10 2.30 ± 0.06 6.1 ± 0.1 

20 0.151 

0 92.94 ± 1.23 3.35 ± 0.10 4.8 ± 0.3 
3 92.83 ± 1.79 3.60 ± 0.07 4.1 ± 0.2 
5 99.85 ± 0.64 3.50 ± 0.10 4.6 ± 0.2 
7 90.35 ± 1.71 3.60 ± 0.20 4.0 ± 0.2 
10 89.08 ± 1.70 3.60 ± 0.17 3.8 ± 0.1 

30 0.229 

0 104.10 ± 4.01 4.28 ± 0.30 3.7 ± 0.4 
3 102.30 ± 1.52 4.50 ± 0.24 3.5 ± 0.2 
5 103.40 ± 1.84 4.40 ± 0.17 3.8 ± 0.1 
7 104.50 ± 2.74 4.40 ± 0.10 3.8 ± 0.1 
10 87.62 ± 2.82 4.20 ± 0.14 3.1 ± 0.1 

 σF
c: flexural strength; EF

c: flexural modulus; εF
c: elongation at break. 

 

Natural fibers are able to withstand tensile stress more than compressive and flexural 

stresses due to their thin and elongated shape. As a result, the volume fraction and the position 

of the cross-section of fibers are crucial in composite materials for determining flexural 

properties and energy absorption capacity (Li et al., 2019a). Therefore, higher flexural strength 

was obtained by the 30 wt.% of fiber concentration.  

Once compared to polypropylene, PLA not only exhibits higher tensile modulus, and 

higher storage modulus but also higher flexural properties, since PP's flexural strength is around 

40 MPa  (Gironès et al., 2011; Yusoff; Takagi; Nakagaito, 2016). Furthermore, López et al., 

(2013) evaluated the use of SGW as PP reinforcement and obtained flexural strength of 66.10, 

and 81.60 MPa for 20 and 30 wt.% of SGW, respectively, while Julian et al., (2012) showed 

flexural strength of PP reinforced with 20 and 30 wt.% glass fiber of 78 and 88.10 MPa, 

respectively. Thus, the flexural strength results corroborated the application of PLA/SGW 

composites as an alternative to PP and its derivative composites. 

Flexural properties results revealed a significant influence on both properties by the 

fiber content, even though the polymeric matrix typically plays a crucial role in determining 

compressive, flexural, and shear properties (Derradji; Wang; Liu, 2018). However, the flexural 
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modulus was influenced not only by composite composition but is also intrinsically related to 

fiber orientation and its displacement in the layers within the matrix. While, the material’s 

stiffness is strongly influenced by both the properties of individual components of the 

composites, and the geometric arrangement of the reinforcement (Greb et al., 2018). 

Regarding the fiber silane modification effect on flexural strength, Figure 3.9 (A), 

revealed through pairwise multiple comparisons with Tukey’s HSD test (p < 0.05) that for 20 

wt.% of SGW, and 5 wt.% of GPS showed a positive statistically significant effect over flexural 

strength results compared to untreated fiber and among the remained treatments, once for this 

condition was obtained the highest flexural strength of 99.85 ± 0.64 MPa. Increasing fiber 

content to 30 wt.%, no statistically significant effects were observed between untreated SGW 

and 3, 5, and 7 wt. % of GPS, while a negative statistically significant effect was observed for 

10 wt.% of silanization. However, the results were higher and significantly different compared 

to the PLA matrix.   

The effect of fiber content on flexural properties was also observed by Tarrés et al. 

(2019) in the investigation of the flexural properties of PLA reinforced with bleached kraft 

softwood fibers in the presence of 2:3 diglyme (diethyleneglycol dimethylether), a linear 

increase in flexural strength was observed with the increase of fiber content, revealing results 

from around 80 to 100 MPa, from 15 to 30 wt.% of fiber. 

 The effect of silane coupling agents’ treatment was also observed by Nandi and Das, 

(2023) in the study of surface-silanized nettle fabric-reinforced PLA composites, at four 

different mass fractions of silane, ranging from 0.5 to 5 wt.%, at a constant fiber content of 50 

wt.%. An increase in flexural strength was observed from around 51 MPA for untreated fiber 

to 54 MPa for 2.5 wt.% of APTES as a silane agent. Yu et al., (2010) evaluated the effect of 30 

wt.% of ramie fiber-reinforced PLA composites treated with alkali and 6% of two different 

silanes. Flexural strength was increased from around 110 MPa for untreated fiber to 150 MPa 

for the sample treated with γ-glycidoxypropyltrimethoxy silane, the same agent applied in this 

research.  
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Figure 3.  9 Evolution of (A) flexural strength, (B) Charpy impact strength, and (C) Izod 

impact strength of PLA biocomposites at different GPS and SGW contents. Distinct letters 
represent statistical differences by Tukey's HDS test (p < 0.05). 

 

The increase in the PLA/SGW biocomposite's flexural modulus increases the material’s 

stiffness, although proportionally decreases the elongation at break, inducing biocomposites' 

brittleness, influencing other biocomposites' properties as demonstrated by the impact strength 

results in Figure 3.9 (B) for Charpy and (C) for Izod.  

Charpy impact strength results (specimen located horizontally) were lower for the 

biocomposites compared to the PLA matrix, however, for 20 wt.% of SGW an increase was 

observed for the 3 and 5 wt.% of GPS-modified fibers, in which, the sample PLA20SGW5 

achieved similar impact strength to the matrix. For 30 wt.% of SGW, no significant statistical 

effect was evidenced in Tukey's test (p < 0.05) for GPS treatment, except for 10 wt.% of GPS 

with a slight increase of around 35% compared to the untreated fiber. No significant statistical 

effect was evidenced in Tukey's test (p < 0.05) for Izod impact strength (specimen located 

vertically) between the different fiber loads and GPS modification between PLA matrix, 

showing that the matrix contribution influence was responsible for Izod's impact results, except 

for the sample PLA30SGW10 which showed a negative significant statistical difference and 

the lowest Izod impact result among the biocomposites.  
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The effect of fiber content on the impact strength of PLA composites was also observed 

by Oliver-Ortega et al. (2020) by testing the Charpy impact strength of bleached Kraft 

softwood-reinforced PLA composites. The effect of fiber content was evaluated in six different 

concentrations ranging from 10 to 35 wt.%. Compared to neat PLA (25.8 ± 2.1 kJ/m2), a linear 

decrease in impacted strength was observed by increasing fiber content for un-notched 

specimens from around 22 to 18 kJ/m2, for 10 to 35 wt.% of fiber. Nuthong et al. (2013) 

investigated the effect of notched Izod impact strength of bamboo, coconut, and vetiver grass 

fiber content in PLA biocomposites treated with 1 wt.% of flexible epoxy resin. For bamboo 

biocomposites reinforced with 20 and 30 wt.% of fiber, the Izod impact results were similar to 

those of neat PLA, of around 2 KJ/m2. For coconut and vetiver grass composites, the impact 

results decreased with the increase in fiber content. 

 Bartos et al. (2021) evaluated the effect of fiber content (0 to 30 wt.%) and the influence 

of functionalized PLA with maleic anhydride coupling agent on the notched Charpy impact of 

biobased PLA/sugarcane bagasse composites. For short fibers (815 ± 626 μm in length), 

notched Charpy impact increased from around 1.7 to 3.2 and 3.3 kJ/m2 for neat PLA, 5 wt.% 

of fiber, and 5 wt.% of fiber in coupled PLA, respectively. However, with the increase in fiber 

content from 5 to 30 wt.%, a decrease in impact strength was observed, despite the lowest value 

achieved for 30 wt.% of fiber being similar to that of neat PLA, and at the same fiber content 

for coupled PLA, the value was around 2.2 kJ/m2.  

Due to the mechanical anisotropic character of natural fiber as reinforcement in 

composites, differences in mechanical behavior are expected when tests are performed at 

different orientations, especially for random fiber orientation, as demonstrated by 

micromechanics analysis of tensile properties of PLA/SGW biocomposites.  The decrease in 

impact strength could be attributed to the heterogeneous distribution and varying concentration 

of fiber length, which often introduces defects leading to premature fatigue of the composite 

material (Qaiss; Bouhfid; Essabir, 2015).    

 

3.3.3.1 Statistical analysis of the mechanical properties  

 

Statistical analysis of PLA/SGW biocomposites with ANOVA, and pairwise multiple 

comparisons with Tukey’s HSD (honestly significant difference) test (p < 0.05) revealed that 

fiber load presented a linear positive influence on both tensile and flexural strength results. For 
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impact results, both Charpy and Izod showed no effect over the fiber load but were apparently 

affected by the GPS treatment.  

 Table 3.7 shows that the variables GPS treatment intensity (from 0 to 10 wt.%) and 

SGW load (of 20 and 30 wt.%), and the combined effect between the two variables, presented 

a statistically significant effect on the mechanical properties evaluated in this study, for tensile, 

flexural, and impact (Charpy and Izod). All the variables showed a p-value of less than 0.05, 

which indicates a statistically significant effect at the 5% significance level. 

 

Table 3. 7 Two-way variance analysis results for tensile, flexural, and impact strength.   

Property Effect SS Df F-value Pr(>F) 

Tensile GPS (wt.%) 203.3 4 27 < 0.0001 
 SGW (wt.%) 534.1 1 283.9 < 0.0001 
 GPS*SGW 35 4 4.7 0.0035 
 Error 75.3 40   
Flexural GPS (wt.%) 1122.9 4 62.9 < 0.0001 
 SGW (wt.%) 754.4 1 169.1 < 0.0001 
 GPS*SGW 352.4 4 19.7 < 0.0001 
 Error 178.4 40   
Charpy Impact GPS (wt.%) 125.8 4 30.8 < 0.0001 
 SGW (wt.%) 47.7 1 46.6 < 0.0001 
 GPS*SGW 85.7 4 21 < 0.0001 
 Error 10.2 10   
Izod Impact GPS (wt.%) 93.2 4 18.1 0.0001 
 SGW (wt.%) 13.5 1 10.5 0.0087 
 GPS*SGW 32 4 6.2 0.0089 
 Error 12.9 10   

SS: sum of squares; Df: degrees of freedom.   

 

Figure 3.10 shows the Pareto chart of standardized effects for tensile and flexural 

strength at a significant level of p ≥ 0.05. The SGW fiber load showed the most positive linear 

relevant effect, of 11.78 percent points (p.p.) for tensile in Figure 3.10 (A), and 7.47 p.p. for 

flexural strength in Figure 3.10 (B). As previously reported, the results for tensile (Table 3.3) 

linearly increased from around 53 for neat PLA to around 61 for 20 wt.% and around 68 MPa 

for 30 wt.%, and for flexural (Table 3.6), the results linearly increased from around 81 for neat 

PLA to around 93 for 20 wt.% and around 104 MPa for 30 wt.%.   



 
 

84 
 

 
Figure 3.  10 Pareto’s chart of standardized effects of (A) tensile, and (B) flexural strength. 

 
 

The effect of the GPS modification degree showed for tensile results a significant linear 

(L) positive effect of 3.75 p.p., and a negative effect of -4.73 p.p. in quadratic (Q), since the 

results in Table 3.3, showed a linear increase in tensile with the linear increase of GPS from 0 

to 5 at 20 wt.% of SGW and from 0 to 7 at 30 wt.% of SGW, and at higher coupling agent 

content, the tensile results started to decrease. For flexural strength, the GPS treatment results 

showed a significant negative effect for both linear and quadratic of -5.90 and -5.84, 

respectively, since in Table 3.6, the highest value of flexural at 20 wt.% of SGW was obtained 

at 5 wt.% of GPS (of around 100 MPa), and 30 wt.% of SGW the highest result was achieved 

for untreated SGW (0 wt.% of GSP, around 104 MPa), demonstrating its ineffectiveness over 

flexural properties at higher fiber load.  

 

3.3.3.2 Mechanical properties comparison with fossil-based composites  

  

To assess the feasibility of PLA composites reinforced with untreated and GPS-treated 

SGW fibers from a mechanical performance perspective, Figure 3.11 compares their tensile 

and flexural strengths with those of neat PP and PP reinforced with glass fiber (GF). While neat 

PLA already exhibits higher tensile strength than neat PP, the incorporation of 20 wt.% SGW 

results in tensile strength values comparable to those of PP reinforced with 20 wt.% GF. 

Moreover, when 20 wt.% GPS-treated SGW is used, the tensile strength surpasses the ones with 

PP/GF composite. At 30 wt.% of fiber loads, PP30GF shows higher tensile strength, of around 

14 % than PLA30SGW5. In this case, GF provides higher reinforcement efficiency per weight 

fraction than SGW, due to its higher stiffness and aspect ratio (López et al., 2013). 
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References used to generate the comparison: (1) Eftekhari; Fatemi, (2016); (2) Gironès et al., (2011); 

(3) Julian et al., (2012); (4) (López et al., (2013). 

Figure 3.  11 Comparison between tensile (A) and flexural (B) strength of PLA/SGW and PP 
composites. 

 

In flexural strength, the incorporation of SGW significantly improved bending 

resistance, for example, PLA increased from 81 MPa to 93 MPa with 20% SGW and reached 

104 MPa at 30% SGW. Even when SGW was added to PP (raising flexural strength from 40 

MPa in neat PP to 66 MPa at 20% SGW), the improvement was still lower than in PLA 

composites at the same fiber loads, confirming a stronger interfacial interaction of SGW with 

the PLA matrix compared to PP. 

Although glass fiber offers reinforcement efficiency in tensile strength, SGW presents 

a renewable, lighter, and more sustainable alternative. PLA/SGW composites, therefore, 

represent a viable substitute for PP/GF systems in applications requiring moderate to high 

mechanical performance, particularly where flexural strength is a key requirement. In addition, 

the inherent sustainability and biodegradability of PLA/SGW composites expand their potential 

for use in packaging, automotive interior components, and consumer goods. 

 

3.3.4 THERMAL CHARACTERIZATION  

The thermal behavior and stability of the biocomposites reinforced with untreated and 

silane-treated SGW fibers are shown in Figure 3.12, while Table 3.8 summarizes the 

composites’ thermal parameters. Both TGA and DTG thermograms (Figure 3.12, A to D) show 

that neat PLA and PLA/SGW biocomposites decomposed in a single step. The initial (Ti) and 

the maximum degradation temperature (Tmax) of PLA were decreased by the nontreated SGW 

fiber incorporation.  
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Table 3. 8 Thermal properties of neat PLA and PLA/SGW biocomposites. 

Sample Ti Tmax Tf R Tg Tcc Tc Tm ∆Hcc ∆Hm Xc 
 (°C) (%) (°C) (Jg-1) (%) 
PLA 330 363 380 2.5 60.6 - - 155 - 34.9 37.3 
            
PLA20SGW 290 353 374 4.2 59.9 - - 145 2.1 22.6 27.4 
PLA20SGW3 310 352 372 7.1 65.7 - - 155 1.9 20.1 25.3 
PLA20SGW5 304 342 370 7.3 65.1 123 128 155 1.8 21.3 26.1 
PLA20SGW7 294 333 351 7.6 60.1 103 114 151 12.1 18.0 7.9 
PLA20SGW10 285 335 360 7.5 60.7 103 116 152 14.0 20.0 8.0 
            
PLA30SGW 303 340 360 9.2 64.5 - - 155 1.4 17.1 24.0 
PLA30SGW3 297 350 385 7.9 62.5 - - 154 1.5 15.2 20.9 
PLA30SGW5 291 347 395 9.4 59.5 100 114 151 1.6 15.8 21.6 
PLA30SGW7 307 356 388 10.0 59.6 102 115 152 7.5 15.2 11.8 
PLA30SGW10 311 358 383 9.1 59.7 103 114 151 8.3 15.7 11.3 

Ti = initial degradation temperature considering 95% residue; Tmax = maximal degradation 
temperature; Tf = final degradation temperature; R = residue at 500 °C; Tg = glass transition 
temperature; Tcc = cold crystallization temperature; ΔHcc = cold crystallization enthalpy; Tm = 
melting temperature; ΔHm = melting enthalpy; Xc = crystallinity index. 
 

The presence of lignocellulosic fibers affects the thermal stability behavior of polymeric 

composites, decreasing the onset temperature due to the lower degradation temperature of 

cellulose, hemicelluloses, and lignin (Eselini et al., 2020; Fang et al., 2022; Jandas et al., 2011; 

Ozyhar; Baradel; Zoppe, 2020). However, for the silane-treated 20 wt% SGW fibers (Figure 

3.12, A and B), the addition of 3 and 5 wt% of the coupling agent was able to increase Ti and 

decrease both Tmax, and the final degradation temperature (Tf). By contrast, the 3 and 5 wt% 

silane-treated 30 wt% SGW fibers suffered a decrease in Ti and Tmax, but a significant increase 

in Tf. Figures 3.12 (D) and (E) show an increment in the maximum degradation rate of the 

silane-treated PLA30SGW, indicating improvements in the composite's thermal stability. 

Hence, the silane coupling fiber treatment raised the PLA/SGW interfacial adhesion. The 

presence of greater lignin content in the composites, due to the use of higher fiber contents (e.g., 

30 wt% SGW), required more energy for the material degradation, since lignin tends to degrade 

at higher temperatures, suggesting better adhesion and interaction among the GPS coupling 

agent, lignin, and the PLA matrix (Fang et al., 2022; Wang et al., 2020).   
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Figure 3.  12 TGA (A, B) and DTG (C, D) measurements of the biocomposites reinforced 
with 20 and 30 % wt of SGW; DSC thermograms of (E) PLA20SGW and (F) PLA30SGW 

composites. 
 

The effect of fiber incorporation and coupling agent treatment on the biocomposite's 

thermal behavior was assessed by DSC. The thermograms of Figures 3.12 (E) and (F) present 

a single glass transition temperature (Tg) for all samples, ranging from 59 to 66 °C, as described 

in Table 3.8. An increment in the Tg was observed for PLA20SGW3, PLA20SGW5, 

PLA30SGW, and PLA30SGW3, indicating an improvement in the composite’s thermal 

stability by an increase in the fiber-polymer entanglement, while other samples remained like 

neat PLA.   
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With the increase in GPS content from 7 to 10 wt%, a cold-crystallization phenomenon 

was observed for both fiber contents, presenting cold-crystallization temperatures (Tcc) between 

100 and 123 °C and crystallization (Tc) between 114 and 128 °C. This demonstrates that the 

silane coupling agent promoted the recrystallization of PLA chains upon heating, promoting 

molecular entanglement by acting as a nucleating agent due to its epoxy group linkage with the 

PLA matrix hydroxyl end groups (Chun; Husseinsyah; Osman, 2012). While the PLA melting 

temperature (Tm) was measured as a single peak at 155 °C, the incorporation of 20 wt% SGW 

decreased it to 145 °C. However, Tm remained unchanged at 155 °C for 30 wt% SGW. As the 

presence of 7 to 10 wt% GPS affected both Tcc and Tc of PLA, the melting temperature was 

also changed, displaying a double melting peak and a decrease in the melting enthalpy (∆Hm). 

Regarding the degree of crystallinity (Xc), the neat PLA showed 37.3 % crystalline 

structure, which was reduced to 27.4 % and 24.0 % with the incorporation of 20 and 30 wt% 

SGW, respectively, decreasing the nucleation activity of these composites (Table 5). Slight 

modifications in the crystallinity were observed for the silane-treated composites with 3 and 5 

wt% GPS. However, by increasing the GPS content to 7 and 10 wt%, the composite's 

crystallinity decreased to around 70 % for the 20 wt% SGW and to around 50 % for the 20 wt% 

SGW. The generation of mobility restrictions in the polymer chains by the higher content of 

the coupling agent led to changes in polymer rearrangement, decreasing the composite's degree 

of crystallinity. This was also related to the presence of a cold crystallization peak in these 

samples, which arises from the reorganization of amorphous domains into crystalline regions 

on account of the increased macromolecular flexibility upon a temperature increase during the 

analysis (Jandas et al., 2011).  

 

 

3.4 CONCLUSION  
 

The present chapter shows the feasibility of incorporating a high-yield mechanical pulp 

into PLA for the development of high-performance biocomposites through the partial 

modification of the fibers using a silane-coupling strategy. While a moderate increase in the 

tensile strength was found with the addition of 20 and 30 wt% SGW, accounting for 14 and 27 

%, respectively, this enhancement was further increased when fibers were partially modified 

with GPS. Concretely, the biocomposites reinforced with 30 wt% SGW and modified with 5 

and 7 wt% GPS revealed a tensile strength enhancement of 37.4 and 39.3 %, respectively. This 

was attributed to an improvement in the PLA-SGW interface, as well as to an appropriate 
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dispersion of the fibers within the polymer matrix. The micromechanical modeling revealed 

coupling factors of around 0.2, which have been previously reported for well-bonded systems. 

Flexural strength increased by around 15% and 29% with the increase of untreated SGW, while 

GPS coupling treatment most influenced the increase in flexural properties at 20 wt.% of SGW. 

These biocomposites stand out as a competitive alternative to commodity GF composites, such 

as the case of GF-reinforced PP, while exhibiting a much lower density. Although the inclusion 

of SGW influenced the rheological features of PLA, the obtained biocomposites were found to 

be processable, as revealed by the MFI measurements. There was an increase in complex 

viscosity and a reduction in the loss factor, suggesting predominantly elastic behavior. In 

addition, thermal stability was slightly improved, although no significant changes were found 

in the thermal properties of the biocomposites compared to neat PLA. 
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CHAPTER 4 – EFFECT OF TWO-STAGE FIBER SURFACE 

MODIFICATION:  BLEACHING PROCESS AND 

SILYLATION IMPACT ON INTERFACIAL 

ADHESION OF PLA BIOCOMPOSITES  

 
Note: All experimental work was developed in the laboratories of the LEPAMAP research group and 

facilities of the Universitat de Girona, Spain, except for the chemical composition of bleached fibers, 

which were realized at the laboratories of the LACTA research group at Universidade Federal do Paraná, 

Brazil.  

 

4.1 INTRODUCTION  

The performance of PLA-lignocellulosic composites is strongly dependent on the 

fiber-matrix interface, where the chemical and physical nature of the fiber surface controls 

adhesion and stress transfer (Oushabi, 2019). Among the fiber constituents, lignin plays a 

particularly critical role, influencing fiber hydrophobicity, surface energy, and chemical 

reactivity, thereby affecting the degree of compatibility with the PLA matrix (Mohammadi; 

Ishak; Sultan, 2024; Oushabi, 2019).  

Due to their hydrophilic character and the presence of surface pectins and waxy 

substances, lignocellulosic fibers exhibit limited reactivity between their hydroxyl groups and 

polar or hydrophobic organic matrices. As a result, the composite may undergo premature 

degradation and a reduction in mechanical strength (Mohammed et al., 2022; Oushabi, 2019). 

One alternative to reduce fiber hydrophobicity and increase adhesion with polymeric matrices 

is to submit natural fiber to a delignification and/or bleaching process. This process decreases 

the lignin content of plant fibers, reduces their rigidity, and increases flexibility, since the 

cellulose fraction provides most of the tensile strength in the fibers (Delgado-Aguilar et al., 

2018; Prome et al., 2025). 

The bleaching processes commonly used in industry are based on acidic, alkaline, or 

oxidative methods (Barczewski; Matykiewicz; Szostak, 2020). Among them, acidified sodium 

chlorite (NaClO₂) is a well-established laboratory technique for lignin removal, enabling the 

evaluation of lignin’s influence at the interface of polymeric composites (Yue et al., 2015). 

Sodium chlorite under acidic conditions generates chlorine dioxide (ClO₂) in situ, which acts 
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as the main oxidizing species. The ClO₂ molecules cleave the aromatic structures and 

conjugated double bonds within lignin, leading to cleavage of ether linkages (β–O–4) and 

oxidation of phenolic hydroxyl and carbonyl groups into soluble carboxylic acids and aldehydes 

(Guo et al., 2023; Kabir et al., 2012; Yue et al., 2015).  

The partial removal of lignin and chromophoric compounds from lignocellulosic fibers 

opens the fiber structure and increases the exposure of surface hydroxyl groups (Khakalo et al., 

2019). By disrupting portions of the lignin–hemicellulose, bleaching increases fiber 

accessibility and surface polarity, which can improve mechanical interlocking in composites 

but also makes the fiber more hydrophilic and more prone to moisture uptake (Hasan; Rabbi; 

Maruf Billah, 2022; Pinto et al., 2022). The cellulose-rich surface obtained after this treatment 

provides more available reactive sites for subsequent surface modification (Fazeli et al., 2024). 

Two-step fiber treatment was studied to first activate and then functionalize the fiber 

surface, aiming to improve the composites' properties (Eng et al., 2014). Following bleaching, 

silylation can take advantage of the exposed hydroxyl groups to form covalent bonds between 

silane molecules and the fiber surface. The silane layer can improve adhesion and stress transfer 

at the fiber–matrix and protect the modified fiber from moisture-induced swelling (Mohammed 

et al., 2022). The effect of the two-step surface treatment was studied by Barczewski; 

Matykiewicz; Szostak (2020), on epoxy-based flax/cotton laminates composites. The fibers 

were bleached with hydrogen peroxide and then silylated, resulting in higher tensile and flexural 

strength compared to untreated fibers. Indicating that a surface free of impurities and non-

cellulosic parts usually allows better polymer saturation, leading to improved physical adhesion 

at the interface (Mohammed et al., 2023).   

In this way, this chapter explores the influence of controlled lignin removal by the 

acidified sodium chlorite bleaching process and GPS silylation on SGW pine fibers for PLA 

composites. The lignin content was verified as well as surface functionality, to elucidate how 

lignin mediates the efficiency of silane coupling and the mechanical and interfacial properties 

of PLA-lignocellulosic composites. 

 

4.2 MATERIALS AND METHODS  

The materials, composite production, and characterization methods employed in this 

chapter were the same as those presented in Chapter 3, except for the additional fiber bleaching 

stage, chemical composition of the bleached fiber, and the EDX analysis described below.  
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4.2.1 SGW BLEACHING AND SILYLATION  

SWG fiber was dispersed in water using a baffled pilot-scale pulper at a consistency of 

5 wt.% and stirred at 1100 rpm for 30 min at room temperature, promoting the disintegration 

of the initial fiber blocks and leading to fiber individualization and uniform pulp dispersion. 

After dispersion, the pulp consistency was verified to ensure it remained at 5 wt.% before being 

transferred to a 15 L stainless steel rotary reactor. 

The bleaching process was carried out using approximately 800 g of dried fiber at a 

consistency of 5 wt.%. Sodium chlorite (NaClO₂, 15 wt.%) was used as the bleaching agent, 

with acetic acid (CH₃COOH, 10 wt.%) added to maintain the reaction medium at a pH of 3.8 ± 

0.5, following a procedure similar to that reported by Yue et al. (2015) research. The reaction 

was conducted at 70 °C for three different bleaching times: 90 min (sample B1), 180 min 

(sample B2), and 270 min (sample B3). 

After bleaching, the SGW fibers were thoroughly washed until the pH reached 

approximately 6–7, then air-dried at room temperature for 24 h and subsequently oven-dried at 

80 °C for another 24 h. The bleached fraction intended for silylation was further processed by 

the dropwise addition of 5 wt.% γ-glycidoxypropyltrimethoxysilane (GPS) to the SGW pulp 

dispersed in water at a consistency of 3 wt.%, under gentle stirring for 30 min. The 5 wt.% GPS 

concentration was selected based on the optimal coupling agent performance identified in 

Chapter 3. 

 

4.2.2 DETERMINATION OF LIGNIN AND STRUCTURAL CARBOHYDRATES IN THE 

BLEACHED FIBERS  

The quantification of lignin and structural carbohydrates in bleached SGW pine fiber 

was carried out following the analytical protocol proposed by Sluiter et al. (2004) (NREL/TP-

510-42618). The method enables the determination of acid-insoluble lignin by gravimetry, acid-

soluble lignin by ultraviolet spectroscopy, and structural carbohydrates by high-performance 

liquid chromatography (HPLC), using the same acid hydrolysate. 

Approximately 0.3 g of dry sample was hydrolyzed in test tubes with 3 mL of 72% 

(w/w) sulfuric acid for 1 h at 30 °C, with manual stirring every 5 min using a glass rod. The 

mixture was subsequently transferred to a glass flask and diluted to 4% sulfuric acid by adding 
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84 mL of distilled water. The flasks were sealed, homogenized, and autoclaved at 121 °C for 1 

h. After cooling, the hydrolysates were filtered through Gooch crucibles at room temperature. 

The crucibles were dried at 105 °C for 12 h to constant weight. The mass of the retained 

residue was used to determine the percentage of acid-insoluble lignin relative to the dry sample, 

discounting the ash content. The filtrate was quantitatively transferred to a 250 mL volumetric 

flask and subjected to spectrophotometric analysis at 240 nm to quantify the acid-soluble lignin, 

using a molar absorptivity of 12 L·g⁻¹·cm⁻¹ for pine wood lignin and the optical path length of 

the cuvette. Total lignin was obtained by the sum of insoluble and soluble lignin.  

The hydrolysate was used for the determination of structural carbohydrates by HPLC 

(Shimadzu LC20AD system) equipped with an autosampler (SIL 10A), mobile phase degasser 

(DGU 14A), column oven (CTO 10A), and RID10A refractive index detector coupled to an 

SPD-M10Avp UV detector. Separation was performed on a Rezex RHM column (Phenomenex, 

300 × 7.8 mm) at 65 °C, preceded by a Phenomenex pre-column (8.0 × 3.2 mm), using 5 

mmol·L⁻¹ H₂SO₄ as the mobile phase at a flow rate of 0.6 mL·min⁻¹. 

Quantification was performed by external standardization using calibration curves for 

each carbohydrate in the concentration ranges: 0.08–0.8 g·L⁻¹ for cellobiose, 0.2–2 g·L⁻¹ for 

glucose, 0.1–1 g·L⁻¹ for xylose, 0.08–0.8 g·L⁻¹ for arabinose, and 0.1–1 g·L⁻¹ for acetic acid. 

The results were expressed in cellulose content for glucose results, and as hemicellulose for the 

sum of xylose and arabinose fraction. 

 

 

4.2.3 SILYLATION EVALUATION BY ENERGY DISPERSIVE X-RAY SPECTROSCOPY 

(EDX)  

Elemental silicon (Si) was identified on the surface of the silylated bleached fibers 

containing 5 wt.% of GPS, by Energy Dispersive X-ray Spectroscopy (EDX) coupled with Field 

Emission Scanning Electron Microscopy (FESEM). The analysis was conducted using a 

TESCAN Clara scanning electron microscope (TESCAN, Brno-Kohoutovice, Czech 

Republic), operated under high vacuum conditions at an accelerating voltage of 20 kV. This 

analysis enabled the quantitative determination of the atomic percentages of key elements 

present in the fiber surface, and possible effects of surface modification on lignin’s inorganic 

content and thermal degradation residues. 
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4.3 RESULTS AND DISCUSSION  

4.3.1 SURFACE TREATMENT INFLUENCE ON FIBER PROPERTIES 

In order to assess the effect of structural fiber modification, Table 4.1 provides a 

comparative analysis of the chemical composition and fiber morphology of the three bleaching 

stages of SGW fiber. The bleaching treatment progressively modified the fiber structure by 

removing partial lignin and hemicellulose fractions. The cellulose content increased from 

42.3% in the untreated SGW (B0) to 49.5% in B3, reflecting the increase of cellulose as lignin 

and hemicellulose fractions were removed. The lignin content decreased by approximately 9%, 

16%, and 29% for stages B1, B2, and B3, respectively, indicating a gradual delignification. In 

parallel, hemicelluloses decreased by approximately 35% after the first bleaching stage and 

remained nearly constant in subsequent stages, suggesting that most hemicellulose removal 

occurred during the B1 stage.  

Table 4.  1 Chemical composition and morphological features of SGW bleaching stages. 
Chemical composition (%) B0 B1 B2 B3 
Cellulose  42.3 ± 1.6 47.91 ± 1.1 48.40 ± 0.8 49.5 ± 1.0 
Hemicelluloses 27.1 ± 2.1 17.5 ± 0.3 17.4 ± 0.4 17.5 ± 0.5  
Klason lignin 29.6 ± 1.8 26.9 ± 1.1 24.7 ± 0.7 21.0 ± 1.5 
Extractives 1.9 ± 0.2 - - - 
Fiber morphology      
Length (μm) 497 ± 31 438 ± 42 428 ± 34 373 ± 27 
Diameter (μm) 25.9 ± 1.8 24.3 ± 2.1 23.9 ± 1.6 23.2 ± 1.4 
Fines (%) 40.5 ± 2.5 41.6 ± 1.3 42.1 ± 0.7 45.5 ± 1.1 

Source: The author (2025). 

In terms of morphology, bleaching resulted in progressive fiber shortening and a slight 

reduction in fiber length, with average lengths decreasing from 497 μm (B0) to 373 μm (B3) 

and diameters from 25.9 μm to 23.2 μm. The increase in fines content (from 40.5% to 45.5%) 

indicates partial fiber fragmentation induced by chemical treatment, caused by the removal of 

lignin that acts as a binding matrix, reducing fiber stiffness and promoting fibrillation (Yadav 

et al., 2022; Zhang et al., 2013). The presence of fines increases the specific surface area and 

exposes cellulose hydroxyl groups, promoting fibrillation that could enhance interfacial 

interactions with the polymer matrix, as a result of lignin removal, thereby improving the 

affinity for surface compatibilizers. However, the increase in fines content also contributes to 

the reduction of fiber stiffness, and the shortening of fibers may limit stress transfer efficiency 

and hinder the formation of an effective fiber network (Cosse et al., 2023; Sandquist; Thumm; 
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Dickson, 2019).  Yemele et al. (2010) studied the influence of fines content in bark fibers/HDPE 

composites, and the results show lower modulus of elasticity and tensile strength, as well as 

less linear and more ductile stress-strain curves. These observations were attributed to poor 

dispersion of fine fibers in the plastic matrix, leading to stress concentration and low adhesion 

between the fibers and the matrix, as the fine content in the fiber fraction was increased.  

In this way, fibrillation of the SGW fibers can be observed in Figure 4.1 (A) by 

microscopy images of the unbleached fibers (B0) and the fibers bleached sequentially at 90 min 

intervals (B1, B2, and B3). However, no significant morphological changes were detected 

among the different bleaching stages. In Figure 4.1 (B), the EDX micrographs highlight in 

green the presence of silicon (Si), the inorganic component of the GPS coupling agent, on the 

surface of the silylated fibers, confirming that the coupling reaction successfully occurred. 

 

 
 

Figure 4. 1 Characterization of SGW fibers before and after surface modification: (A) 
microscopy image of bleached fibers; (B) EDX spectrum confirming elemental changes 

following silylation with 5% GPS. 
 

 

4.3.3 BIOCOMPOSITES THERMO-RHEOLOGICAL PROPERTIES  

Figure 4.2 (A) shows the thermal decomposition thermograms of bleached (B1, B2, and 

B3) and silylated biocomposites (5 wt.% % GPS) at SGE fiber concentration of 30 wt.% in 

comparison with unbleached fibers (B0). The composites display a single, dominant mass-loss 

event in the temperature range expected for PLA degradation, with the major weight-loss 

occurring roughly between 300–400 °C and a single, sharp peak in the derivative 
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thermogravimetry (Figure 4.2 B). The overall maximum degradation temperature is around 

380 °C and is similar across bleaching stages (from B0 to B3) and non-silylated and silylated 

samples, indicating that the principal thermal decomposition mechanism is driven by the PLA 

matrix. Minor differences were evident in the composites containing unbleached fiber (B0), 

showing a slightly higher residual mass at 600 °C than composites with bleached fibers (B1–

B3). This trend is consistent with the higher lignin content of B0 (Table 4.1), since lignin is 

more thermally stable and tends to increase char yield. The presence of GPS does not markedly 

change the onset or peak decomposition temperatures, although small shifts in Tmax were 

observed.  

 

Figure 4. 2 TGA (A) and DTG (B) thermal decomposition thermograms and DSC (C) 
thermal events of the PLA and bleached SGW fiber composites. 

 

The DSC thermal events in Figure 4.2 (C) show the typical thermal transitions of 

semi-crystalline PLA, comprising a glass transition followed by cold crystallization and 

melting. All composites exhibit a Tg between 57 and 61 °C, which decreases progressively with 

increasing bleaching intensity, affected by the partial amorphous lignin removal (Fernandes et 

al., 2017; Rayung et al., 2014). However, the bleached fibers (B1-B3), which are richer in 
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cellulose and contain more fines, tend to modify the profile of the cold/melt crystallization 

peaks relative to B0, consistent with a change in nucleation efficiency and restriction of the 

mobility of the PLA chains near the fiber surface. Tcc and Tm values of the composites slightly 

increased from 115 to 118 °C, and from 149 to 151 °C, respectively, with the silylated samples 

exhibiting approximately 0.6 °C higher than the non-silylated ones.   

Although the silylated samples show only modest changes in the thermal stability 

compared to non-silylated composites. These changes are consistent with improved fiber-

matrix coupling that slightly alters the local chain mobility and the energetics of cold 

crystallization (Mlhem; Abu-Jdayil; Iqbal, 2023). 

The rheological behavior of the PLA composites containing 30 wt.% SGW fibers with 

different bleaching stages is shown in Figure 4.3. The composites exhibited overall higher 

storage modulus (G′), loss modulus (G″), and complex viscosity (η*) than neat PLA across the 

entire frequency range, indicating an overall increase in melted elasticity and resistance to flow 

due to the presence of the fibrous phase (Qiao et al., 2021). This behavior evidences the 

formation of a solid-like structure in the melt, attributed to the restricted mobility of PLA chains 

caused by fiber–fiber and fiber–matrix interactions (Spiridon; Darie; Kangas, 2016). 

 
Figure 4. 3 Rheological properties of treated PLA and SGW composites. 

 

Among the composites, the formulation containing unbleached fibers (B0) showed the 

highest values of G′ and η*, especially at low frequencies. This suggests a higher network 

structure resulting from the longer fibers, higher lignin content, and greater inter-fiber adhesion 

of the untreated material. Longer fibers create a more extended and interconnected network 

throughout the melt, and the presence of lignin promotes stronger inter-fiber adhesion (OA, 

2017; Zhang et al., 2011). This structural arrangement restricts fiber mobility and hinders 

polymer chain flow, resulting in a composite that is less sensitive to shear rate. In contrast, 

bleaching and consequent fiber shortening reduce the aspect ratio and weaken fiber–fiber 
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interactions (Ilyas et al., 2022). Under these conditions, the fibers can more easily orient in the 

flow direction at elevated shear rates, facilitating melting flow and leading to a lower η* value 

and enhanced shear-thinning behavior (Zhang et al., 2011). 

 Such structural features enhance the elastic character of the melt and promote stronger 

fiber–fiber contact, thereby increasing the overall melt stiffness. In contrast, progressive 

bleaching (B1–B3) led to a gradual reduction in G’, G’’, and viscosity. The removal of lignin 

and hemicellulose, coupled with fiber shortening and the generation of fines (Table 4.1), 

weakened the percolated structure within the PLA matrix. Consequently, the bleached fibers 

displayed reduced ability to form network-like arrangements, resulting in lower melting 

elasticity (Cui et al., 2021). 

The silylation with 5 wt.% of GPS coupling agent moderated an increase in both G′ 

and η* for all bleaching levels, suggesting improved interfacial adhesion between the modified 

fibers and PLA. In Chapter 3, in the study of unbleached SGW composites, the incorporation 

of the coupling agent led to a slight decrease in complex viscosity. This effect can be attributed 

to the plasticization promoted by silylation at the fiber-matrix interface, reducing inter-fiber 

interactions, and enhancing chain mobility within the PLA melt. As a result, the overall melt 

flowability increases despite the inherently higher aspect ratio of the unbleached fibers (Yang 

et al., 2020b). However, after bleaching, the silylated fibers promote a slight increase in the 

composite’s complex viscosity. This behavior is attributed to the greater exposure of cellulose 

microfibrils following lignin removal, which enhances the availability of hydroxyl groups for 

silane bonding (Chen et al., 2021). 

 

4.3.4 MECHANICAL PROPERTIES 

The tensile strength of the PLA composites containing 30 wt% SGW fibers at different 

bleaching stages is shown in Figure 4.4. The incorporation of fibers significantly modified the 

mechanical behavior of PLA. Composites reinforced with unbleached fibers (B0) exhibited the 

highest tensile strength among all formulations, reaching values around 70 MPa for the non-

silylated and above 75 MPa for the silylated fibers. These values represent a considerable 

improvement compared to neat PLA (around 53 MPa), indicating efficient stress transfer 

between the PLA matrix and the unbleached fibers. The higher tensile results for B0 composites 

can be attributed to their higher lignin content and longer fiber length (Table 4.1), which 

promotes stronger inter-fiber cohesion and a more continuous reinforcing network. The high 
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melt stiffness observed in rheological tests for these formulations (Figure 4.3) also supports 

the presence of a well-developed fiber network contributing to load-bearing capacity in the 

solid composite. 

 
Figure 4. 4 Tensile results of the mechanical properties of PLA composites and modified 

fibers. Distinct letters represent statistical differences by Tukey's HSD test (p < 0.05). 
 

On the other hand, progressively bleached fibers (B1, B2, B3) resulted in lower tensile 

strengths, with values decreasing to around 50-55 MPa, comparable to or slightly below neat 

PLA. The loss of reinforcing efficiency can be associated with the weakening of the fiber 

structure, reducing fiber length, and limiting the mechanical interlocking with the matrix. 

Additionally, the higher fines content and smoother fiber surfaces after bleaching may hinder 

stress transfer, leading to premature debonding under tension (Pickering; Efendy; Le, 2016). 

This reflects the decrease in overall tensile properties, such as Young's modulus and elongation 

at break, as shown in Table 4.2.  

 
Table 4.  2 Tensile properties of bleached SGW-PLA composites 

Sample σt
c 

(MPa) 
Et

c 
(GPa) 

εt
c 

(%) 
PLA 53.27 ± 2.14 a (a) 3.8 ± 0.1 3.22 ± 0.01 
B0 67.77 ± 0.65 b 6.8 ± 0.1 2.62 ± 0.08 
B0 5 GPS 73.19 ± 2.08 (b) 6.8 ± 0.2 2.84 ± 0.28 
B1 56.16 ± 4.32 a 2.1 ± 0.6 2.76 ± 0.39 
B1 5 GPS 57.14 ± 5.53 (c) 2.0 ± 0.3 3.21 ± 0.35 
B2 50.39 ± 2.15 a 2.7 ± 0.1 2.19 ± 0.19 
B2 5 GPS 58.83 ± 2.42 (c) 2.4 ± 0.2 2.91 ± 0.13 
B3 57.49 ± 1.39 a 2.0 ± 0.4 2.84 ± 0.28 
B3 5GPS 55.49 ± 2.15 (c) 2.4 ± 0.3 3.75 ± 0.20 

σt
c: tensile strength; Et

c: Young’s modulus; εt
c: elongation at break.  

Distinct letters represent statistical differences by Tukey's HSD test (p < 0.05) for σtc results: 
a, b, and c for comparison between lignin concentrations and (a), (b), and (c) for comparison 

between GPS concentrations.  
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Although the increase in fines content enhances the specific surface, which could 

promote greater interaction with silane coupling agents such as GPS, this effect does not 

compensate for the structural losses associated with fiber fragmentation, also leading to fiber 

aggregation (Xie et al., 2010). The reduced fiber length and stiffness limit effective stress 

transfer and hinder the formation of a mechanically efficient fiber network (Mallick, 2018). As 

a result, the reinforcing potential of the fibers is diminished, and the system behaves more like 

a particulate-filled composite rather than a fiber-reinforced material (Chaudhary; Rajput; 

Bajpai, 2017). Therefore, despite the improved interfacial chemistry, excessive fibrillation 

leads to an overall reduction in mechanical performance.  

Silylation significantly (p < 0.05) increased the tensile strength only for the unbleached 

(B0) and moderately bleached (B2) fibers. However, the treatment was more aggressive for B2, 

resulting in a reduction in tensile strength value. Overall, the two-stage fiber treatment, 

bleaching followed by silylation, led to lower mechanical performance of the composites 

compared with those produced using untreated fibers. Although GPS promotes better interfacial 

adhesion and is effective even in partially delignified fibers, the two-stage treatment created a 

limit on reinforcement efficiency due to the loss of fiber integrity, and the aspect ratio cannot 

be fully compensated by improved interface bonding (Pickering; Efendy; Le, 2016). 

 Asim et al. (2016) investigated the effects of alkali and silane treatments on the 

mechanical performance and interfacial adhesion of kenaf and pineapple leaf fibers, reporting 

that silane treatment alone produced the highest tensile strength. The maximum tensile modulus 

was also achieved in fibers treated exclusively with the silane solution. However, when 

delignification was combined with silylation, the tensile strength decreased, indicating that the 

removal of lignin and the associated reduction in structural integrity outweighed the benefits of 

improved interfacial bonding. Residual lignin plays an important role as an interfacial mediator 

between cellulose fibers and coupling agents such as silanes. Due to its aromatic structure and 

the presence of phenolic and aliphatic hydroxyl groups, lignin can act as a natural primer, 

improving silane anchoring and interfacial compatibility. However, lignin also contributes 

significantly to the mechanical integrity of the fiber cell wall, particularly in the S2 layer, where 

it provides stiffness and structural cohesion (Dong et al., 2020; Li et al., 2025).  

In composites, Barczewski; Matykiewicz; Szostak, (2020) studied the effect of two-step 

surface treatment by hydrogen peroxide and silylation of flax/cotton fabrics on epoxy-based 

laminates, obtaining lower tensile strength results for the composites containing bleached 

fibers, while further silylation slightly increased. However, the results were lower than those 
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using untreated fibers. This may be caused by the excessive lignin removal during bleaching, 

although beneficial for surface activation and fibrillation, which leads to fiber weakening, 

increased fragmentation, and reduced load-bearing efficiency (Klunklin et al., 2023; Najahi et 

al., 2023).  

 

4.4 CONCLUSION  

The progressive bleaching of SGW fibers induced simultaneous changes in their 

chemical composition and morphology, which directly influenced the structure–property 

relationships of the PLA composites. The removal of lignin and hemicellulose (up to 

approximately 29% and 35%, respectively) increased cellulose purity but also shortened the 

fibers and generated a higher fines content. These structural modifications weakened the fiber 

network formed within the PLA matrix, as evidenced by the reduction in storage modulus (G′) 

and complex viscosity (η*) in the rheological analyses. 

Consequently, the unbleached fibers (B0), which presented higher lignin content and 

aspect ratio, promoted more pronounced melt structuring and produced composites with the 

highest tensile strength. On the other hand, extensive bleaching (B3) reduced fiber–fiber 

connectivity and the efficiency of mechanical reinforcement, despite facilitating melt flow and 

processability. The addition of 5 wt% of the GPS coupling agent consistently improved 

interfacial adhesion, increasing tensile strength and slightly enhancing melt elasticity, 

particularly for less-bleached fibers, in which the residual lignin provided abundant reactive 

sites for silane bonding. 

These results demonstrate a clear relationship between fiber chemical structure, 

morphology, and interfacial compatibility. However, bleaching combined with silane treatment 

limited reinforcement efficiency due to the loss of fiber integrity. This couldn’t achieve a 

balanced compromise between processability, interfacial adhesion, and mechanical 

performance in PLA/SGW composites, where lignin plays an important role in SGW fiber 

composites. 
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CHAPTER 5 – LIGNIN SILYLATION INFLUENCE ON PLA 

BIOCOMPOSITES: A COMPARISON BETWEEN 

SOFT AND HARDWOOD LIGNIN 

 

This work has been published in the journal ACS Biomacromolecules as: 

GIULIA HERBST, GABRIELA ADRIANA BASTIDA, QUIM TARRÉS, MARCOS LÚCIO CORAZZA, 

LUIZ PEREIRA RAMOS, MARC DELGADO-AGUILAR. Silylated Softwood and Hardwood Lignin: 

Impact on Thermomechanical and Interfacial Properties of PLA Biocomposites. ACS 

Biomacromolecules, Volume 26, 2025.  

https://doi.org/10.1021/acs.biomac.5c01179 

  

Note: All experimental work was developed in the laboratories of the LEPAMAP research group and 

facilities of the Universitat de Girona, Spain.  

 

5.1 INTRODUCTION  

Effective compatibilization remains one of the main challenges in developing 

functional poly (lactic acid) (PLA) biocomposites (Tham et al., 2022). Surface 

compatibilization is critical in determining the performance of polymer biocomposites 

reinforced with particulate or fibrous fillers (Mohammed et al., 2022b). Effective stress transfer, 

uniform dispersion, and interfacial stability are dependent on the chemical and physical 

compatibility between the polymer matrix and the filler surface (Fredi; Dorigato, 2024). In 

many cases, inherent differences in polarity, surface energy, or functional group availability led 

to poor interfacial adhesion, resulting in phase separation, agglomeration, and compromised 

mechanical or barrier properties (Zhou; Fan; Chen, 2016).  

PLA offers a renewable platform for a sustainable, competitive alternative to fossil-

based polymers, especially for packaging and film applications. Its intrinsic brittleness and low 

barrier performance limit broader utility (Tripathi; Misra; Mohanty, 2021). Lignin, with its 

aromatic content, antioxidant properties, and UV-blocking properties, has been proposed as a 

multifunctional additive in the field of food packaging, biomedicine, agriculture, and biomass 

conversion (Shu et al., 2021). However, as with many fillers, its incorporation often results in 

poor dispersion and phase separation due to limited compatibility with PLA (Mariana et al., 

2021). Lignin’s chemical heterogeneity, driven by both its botanical origin and extraction 
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process, strongly influences its behavior in polymer matrices, even though its hydroxyl groups 

are capable of forming numerous hydrogen bonds (Alam et al., 2024; Andriani; Lawoko, 2024; 

Zhang et al., 2024a). In particular, softwood lignins are typically rich in guaiacyl, exhibiting a 

more recalcitrant structure due to higher quantities of β-5′ and 5-5’ linkages. In contrast, 

hardwood lignins have a higher syringyl-to-guaiacyl ratio, demonstrating a less recalcitrant and 

more accessible structure, which affects their polarity, branching, and reactivity (Mei et al., 

2019; Suota et al., 2021; Trentin et al., 2025). Due to lignin's distinct structural characteristics, 

selecting an appropriate lignin type is crucial for optimizing polymer-lignin interactions and 

determining a suitable surface modification strategy.  

Lignin acetylation (Johansson et al., 2023), esterification (Luo; Cao; McDonald, 

2017), synthetic chain grafting (Bhadane et al., 2025; Kim; Chung, 2024), and silylation (Sekar 

et al., 2023) are techniques that confer lignin polarity or introduce reactive groups that improve 

interfacial bonding. Silylation has been widely applied due to its ability to introduce 

organofunctional silane groups that can act as molecular bridges between the lignin surface and 

the polymer matrix, improving dispersion and adhesion by bonding with available hydroxyl 

groups present in the lignocellulosic fraction of natural fibers (Buono et al., 2016; Sayadi; 

Brouillette, 2024; Trejo-Cáceres; Martín-Alfonso; Franco, 2025). In previous research, silane 

coupling agents were successfully grafted onto lignocellulosic fiber surfaces via condensation 

reactions, especially improving the mechanical properties of PLA biocomposites (Herbst et al., 

2024).  

Although several studies have investigated individual modification methods, without 

systematic comparisons between different lignin sources, particularly in the context of surface-

modified PLA biocomposites, remain limited. For instance, Zhu et al., (2015) studied the effect 

of three different silane coupling agents at 2 wt.% concentration on the silylation of lignin and 

obtained the maximum tensile strength and Young’s modulus improvement at 5 wt.% of lignin, 

with an increase of around 10% compared to neat PLA. Similarly, Wang et al., (2020) 

investigated a technical lignin silylated at multiple concentrations (1, 3, and 5 wt.%) in PLA 

and found minimal improvements in tensile strength, accompanied by persistent agglomeration 

and low dispersion in both the unmodified and silylated forms. 

This study investigates the impact of two chemically distinct technical lignins, 

softwood (LS) and hardwood lignin (LH), on the structural and functional properties of PLA-

based composite films before and after surface modification by silylation. Lignin’s inherent 

molecular structure, polarity, and functional group variability were approached, and its 
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influence on dispersion, compatibility, and interfacial bonding within the PLA matrix was 

assessed by film production. This comparative study provides insights into lignin-biopolymer 

systems through source-specific compatibilization strategies. 

 

5.2 MATERIALS AND METHODS  

5.2.1 MATERIALS 

Poly (lactic acid) pellets (PLA, Ingeo™ Biopolymer 4043D) purchased from 

NatureWorks LLC (Plymouth, Minnesota, USA), with a specific gravity of 1.24 g/cm3, melt 

flow index (210 °C/ 2.16 kg) of 6 g/10 min, and an average molecular weight of 111 kDa were 

used as the matrix to produce biocomposites. Kraft softwood and hardwood lignin 

(LignoForce™) were provided by FPInnovations (Pointe-Claire, QC, Canada). The softwood 

lignin (LS) was produced from the black liquor of a wood mixture of pine (Pinus contorta), 

spruce, and fir trees at a ratio of 74:25:2, with a molecular weight of 9813 mol/g, and a total 

OH groups of 6.4 ± 0.4 mmol/g. The hardwood lignin (LH) was produced from the black liquor 

of aspen wood, with a molecular weight of 4224 mol/g and a total OH groups of 5.8 ± 0.4 

mmol/g. Lignin full characterizations were provided by Suota et al (2021)(Suota et al., 2021b).  

(3-glycidyloxypropyl) trimethoxysilane (GPS), acquired at Merck (Barcelona, Spain), was 

selected as a coupling agent, aiming at enhancing the interfacial strength of the produced 

biocomposites.  

 

5.2.2 SOFTWOOD AND HARDWOOD LIGNIN SILYLATION REACTION  

Lignin was dispersed in water at a concentration of 10 wt.% under mechanical 

agitation at 700 rpm at room temperature. Silane coupling agent (GPS) was added dropwise at 

1, 3, and 5 wt.% concentrations (concerning the dry weight of lignin) and kept under stirring 

for 30 min. The lignin-dispersed solution was oven-dried at 60 °C until a moisture content of 

around 4 wt.% was achieved. To complete the silylation reaction, the samples were placed in 

an oven at 80 °C for 24 hours before the biocomposites' melt-compounding.  

 

5.2.3 SILYLATED LIGNIN CHARACTERIZATIONS  
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FTIR-ATR spectroscopy analysis was performed to assess differences in lignin 

structure and the effect of the coupling agent on unmodified and silylated (1, 3, and 5 wt.% of 

GPS) LS and LH lignin’s chemical composition using a compact spectrometer Alpha II (Bruker 

Corporation, Massachusetts, United States). Spectra were acquired from a platinum ATR MIR 

single-reflection accessory at a resolution of 4 cm-1, scanned at a wavenumber within the range 

from 400 to 4000 cm−1. Analysis of spectra was performed using OPUS_7.5.18 software.  

Thermal analysis was conducted to identify evidence of silylation after GPS addition. 

Thermogravimetric analysis (TGA) was conducted in a temperature range from 30 to 600 °C at 

a heating rate of 10 °C min-1 under an inert nitrogen atmosphere. Glass transition temperatures 

(Tg) of the unmodified and modified lignin were obtained from differential scanning 

calorimetry (DSC, DSC822e, Mettler-Toledo, LLC, USA) and analyzed at a heating/cooling 

rate of 10 °C min–1 from 30 to 210 °C under an inert N2 atmosphere. TGA and DSC analyses 

were performed over both LS and LH lignins, unmodified and modified with a 5 wt.% addition 

of GPS. 

The ash content of both unmodified and silylated (containing 1, 3, and 5 wt.% of GPS) 

LS and LH lignin was determined according to TAPPI T211 Ash in wood, pulp, paper, and 

paperboard (TAPPI, 2007). The samples were ignited in a muffle furnace at 525 ± 25 °C, 

starting at 250 ºC for one hour, then 350 ºC for another hour, and finally the temperature 

increased to 525 ºC until constant weight was achieved.  

The elemental composition of the ash residues from both unmodified and silylated 

lignin (containing 1, 3, and 5 wt.% of GPS) was analyzed using Energy Dispersive X-ray 

Spectroscopy (EDX) coupled with Field Emission Scanning Electron Microscopy (FESEM). 

The analysis was conducted using a TESCAN Clara scanning electron microscope (TESCAN, 

Brno-Kohoutovice, Czech Republic), operated under high vacuum conditions at an accelerating 

voltage of 20 kV. This analysis enabled the quantitative determination of the atomic percentages 

of key elements present in the ash, and possible effects of surface modification on lignin’s 

inorganic content and thermal degradation residues. 

 

5.2.4 COMPOSITE MELTING-MIXING AND HOT-PRESSING FILM PRODUCTION   

PLA and lignin were compounded using an internal mixer plastograph (Brabender® 

GmbH & Co. KG, Duisburg, Germany). The equipment consists of a measuring mixer chamber 

equipped with two counterrotating screws with a processing volume of approximately 55 cm³. 
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The raw material was loaded through the top opening into the heated mixer bowl, homogenized 

by two mixing blades with a roller shape and a rotor speed of 80 rpm, at 195 °C, until a constant 

torque of the melt compound. Both LS and LH lignins (unmodified and modified) were added 

at 5, 10, and 15 wt.%, respectively. The biocomposites were discharged, cooled down, and 

milled using a knife mill (SM 100, Retsch GmbH, Haan, Germany) equipped with a 4 mm sieve 

at the bottom.  

Neat PLA and its biocomposites containing unmodified and silylated LS and LH lignin 

films were produced by hot press molding, in an IDM TEST equipment (Madrid, Spain).  

Approximately 3 g of each sample, previously oven-dried at 80 °C for 24 h, were placed 

between high-strength polyester films to facilitate removal from the hot-press metal plates and 

then molded at 200 °C. The samples were preheated for 60 s, pressed at 45 bar for more than 

60 s, and then cooled to room temperature. The resulting film thicknesses were approximately 

0.18 ± 0.01 mm for the PLA biocomposites, 0.17 ± 0.02 mm for PLA-LS, and 0.18 ± 0.01 mm 

for PLA-LH. 

 

 

5.2.5 THERMAL AND RHEOLOGICAL BEHAVIOR OF THE BIOCOMPOSITES  

TGA and DSC analyses of the obtained biocomposites were conducted as described in 

the item “5.2.3 Silylated lignin characterizations”.  Melt flow index (MFI) measurements were 

conducted in CEAST testing equipment (7082,000, series 17959, Pianezza TO, Italy), 

according to ISO1133. The extrusion rate was determined as the mass extruded over a specified 

time under prescribed conditions of 210 °C and a load of 2.16 kg, as described in the datasheet 

of the PLA applied in this work. The rheological properties, including storage modulus, loss 

modulus, and complex viscosity of the biocomposites, were measured following the ASTM 

D4440–15 standards using a modular rheometer (model MCR 302e, Anton Paar GmbH, Graz, 

Austria). The measurements were taken in oscillatory mode, at the PLA melt state at 190 °C, 

between a parallel plate geometry arrangement with a gap of 1 mm. The frequency range used 

was set between 0.1 and 100 Hz. The linear viscoelastic region was determined by an amplitude 

sweep deformation of 5 %, with controlled shear deformation. 
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5.2.6 TENSILE PROPERTIES OF PLA/LIGNIN FILMS 

Tensile properties were evaluated using an INSTRON 3340 testing machine equipped 

with a 100 N load cell, in accordance with ASTM D882 for thin plastic films under 1mm thick. 

Measurements were performed on strips with dimensions of 15 mm width and 80 mm length at 

a crosshead speed of 5 mm/min.  

 

 

 5.2.7 BARRIER AND SURFACE PROPERTIES OF PLA/LIGNIN FILMS  

The obtained PLA/lignin films' UV-shielding properties were accessed by a Shimadzu 

UV-1280 spectrophotometer (Duisburg, European branch office) in the wavelength range 200–

800 nm, which was used to measure the transmittance (%) spectra of the specimens. This 

wavelength range covered both UV and visible light. All samples were cut into a rectangular 

shape (4 cm × 0.8 cm), placed in a cuvette, measured in triplicate, and used air as a reference.  

The water vapor transmission rate (WVTR) of the films was estimated by the dry cup 

method according to the ASTM E-96 standard. The films were cut into circles with a diameter 

of 6.0 cm and placed in impermeable O-ring cups containing silica gel. The cups were sealed 

and conditioned at 23 °C with a relative humidity of 50%. After 24 h, the overall weight of the 

cup, silica gel, and film was measured. The difference was assigned to the moisture uptake of 

the silica gel, and the WVTR value corresponding to each sample was determined.  

The surface hydrophobicity of PLA/lignin films was evaluated by measuring the static 

water contact angle using a DSSA25 droplet shape analyzer (Krüss GmbH, Germany) equipped 

with Krüss Advance software. Measurements were performed at room temperature, with data 

acquisition at a rate of two measurements per second. 

 

 

5.2.8 STATISTICAL ANALYSIS 

Analysis of variance (ANOVA) and pairwise multiple comparisons with Tukey’s HSD 

(honestly significant difference) test (p < 0.05) were performed using Excel to identify 

significant differences between LS and LH lignins composition, as well as the impact of the 
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GPS coupling agent on mechanical and barrier properties, including water vapor transmission 

rate (WVTR) and water contact angle (WCA).  

 

5.3 RESULTS AND DISCUSSION   

5.3.1 EFFECT OF GPS INCORPORATION ON LIGNIN SAMPLES  

The structural differences between the LS and LH lignins were investigated by FTIR-

ATR analysis, as shown in Figure 5.1. Typical vibrations of both lignins were shown around 

3300 cm-1 corresponding to phenolic OH and aliphatic OH groups, followed by vibrations at 

around 2900 and 2800 cm-1 corresponding to methoxyl and methyl. Also, C=O stretch in 

ketones, aldehydes, and carboxylic acid groups bands in 1700 and 1650 cm-1, aromatic skeletal 

vibrations between 1595 and 1510 cm-1, at around 1460 cm-1 C-H deformation in –CH₃ and –

CH₂ groups, and C-C, C-O, C=O stretching at 1225-1274 cm-1. Primary alcohol and aliphatic 

ester C-O stretching were observed in 1085-1030 cm-1 (Zhou et al., 2016).  

 
Figure 5. 1 FT-IR spectra of unmodified and silylated soft (A) and hardwood (B) lignin.  

 

Figure 5.1A shows LS specific strong vibrations on 1267 cm-1 for the guaiacyl ring 

(G), 1215 cm-1 for C–O stretching in G, and at 835 cm-1, C-H aromatic bending deformation 

(Rashid; Kait; Murugesan, 2016). While for LH, Figure 5.1B, 1325 cm-1 vibrations of syringyl 

ring (S), 1120 cm-1 C-H plane deformation of S units, and at 1140 cm-1 for G units (Zhou et al., 

2016). Although silylation did not produce observable changes in either LS or LH for the 
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applied GPS concentration, this may be attributed to the limited sensitivity of the 

characterization method employed. 

The lignin silylation was evaluated by assessing the differences in thermal properties 

of both LS and LH lignins at a 5 wt.% GPS addition and compared to the unmodified ones. 

Figure 5.2A shows the degradation profile of both unmodified and silylated lignins in a single 

step between 30 and 600 °C. Three thermal events were observed, as depicted from the 

derivative thermogravimetric curve (DTG, Figure 5.2B), corresponding to moisture release 

(around 100 °C), followed by the breaking of more labile chemical bonds (between 360 and 

380 °C), and the breakage of more stable C–C bonds at temperatures higher than 450 °C. 

Evaluating the data presented in Table 5.1, the silylation showed no effect on softwood lignin 

(LS5%GPS), maintaining its thermal stability as neat LS. Suota et al. (2021) characterized both 

LS and LH technical lignins used in this work and attributed the higher thermal stability of LS 

lignin to the predominance of guaiacyl units, which tend to undergo condensation at the free 

C5 position. These reactions lead to the formation of thermally stable carbon-carbon bonds, 

including 5-5' and β-β' bonds. On the other hand, the silylation of hardwood (LH5%GPS) was 

able to shift both degradation initial temperatures (Tonset) at 5% and 50% mass loss, promoting 

an increase of around 30 °C and 90 °C, respectively, indicating effective crosslinking between 

LH and the coupling agent GPS.  

 
Figure 5. 2 TGA (A), DTG (B), and DSC (C) thermograms of unmodified and silylated soft 

and hardwood, and lignins. 
 

The GPS also induced shifts in the lignin Tg, increasing by around 3 and 7 °C for 

LS5%GPS and LH5%GPS, respectively, compared to their unmodified counterparts. Buono et 

al. (2016) (Buono et al., 2016) found that silylation using tert-butyldimethylsilyl chloride 

(TBDMSCl) led to an increase in Tg. This was attributed to the introduction of bulky silyl 

groups that restrict the mobility of the lignin chains, thereby raising the Tg. 
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Table 5. 1 Thermal properties of unmodified and silylated LS and LH lignins. 

a Tonset = first temperature of degradation registered at 5% mass loss. 
b T50 = 50 % mass loss temperature. 
c Tg = glass transition temperature determined by DSC. 
 

 

In order to verify lignin silylation reaction, a simple technique as the ash 

determination, was applied to evaluate the degree of GPS coupling. Figure 5.3 shows the 

variation in the color of ash at varying GPS content. Ash color is essentially related to the 

inorganic composition of materials (Rodela; Chowdhury; Hohner, 2022). Unmodified LS 

showed white coloring due to the higher amounts of calcium in its composition (around 4% of 

total ash content), while LH presented a light orange coloring due to higher amounts of 

potassium (around 4 % of total ash content)(Suota et al., 2021b). High concentrations of 

calcium and magnesium promote the formation of light-colored oxides such as CaO and MgO, 

typically resulting in white or light gray ash residues. Conversely, high potassium levels often 

contribute to yellow-orange hues due to the formation of potassium-based salts (Werkelin; 

Skrifvars; Hupa, 2005). However, the final ash coloration is a complex outcome determined by 

the combined effects of all the present inorganic elements in the original biomass, including but 

not limited to iron, which can also impart reddish-brown tones, and manganese, potentially 

leading to greenish or blackish coloration (Bodí et al., 2014; Magdziarz et al., 2018). The 

interaction and potential formation of complex compounds among these elements further 

contribute to the diversity of observed ash colors. 

 

Lignin sample T onset (°C)a T50 (°C)b Residual (%) DTG max. Tg (°C)c 

LS 232.3 564.3 48.1 377.0 177.3 

LS 5% GPS 233.3 564.3 48.1 378.2 180.5 

LH 213.8 433.3 41.7 366.7 132.7 

LH 5 % GPS 240.8 523.6 40.2 386.6 139.3 
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Figure 5. 3 Visual appearance of LS (A) and LH (B) samples after combustion for ash 

determination at different GPS content. 
 

The silylation degree reflected changes in the material's thermal decomposition 

behavior and inorganic composition. As the concentration of the GPS coupling agent increases, 

the silylation promoted LS coloring turns from light to dark gray. The incorporation of 

organosilicons alters the combustion process, often resulting in lighter-toned ash due to higher 

silica content and reduced carbonaceous residues (Rodela; Chowdhury; Hohner, 2022). Figure 

5.4 shows the ash elemental average composition of the unmodified and silylated lignins.  

 
Figure 5. 4 Ash average elemental composition of unmodified and silylated LS (A) and LH 

(B) with 1, 3, and 5 wt.% of coupling agent. 
 

Sodium (Na) and sulfur (S) were the predominant elements found in both lignin ash 

samples, excluding oxygen (O), and the not showed carbon content of around 40% presented 

in all the samples as a consequence of the sample preparation. Silicon (Si) was also detected in 
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small amounts, due to its natural absorption by plants (Oo et al., 2021). However, after the 

silylation reaction with concentrations of 1, 3, and 5% of GPS, the silicon content in the lignin 

ash increased proportionally, indicating successful grafting and retention of silane moieties.  

5.3.2 THERMAL PROPERTIES OF PLA/LIGNIN BIOCOMPOSITES  

The rheological properties of unmodified LS and LH PLA-filled biocomposites 

compared to the neat matrix at 190 °C and as a function of frequency are shown in Figure 5.5. 

Both storage modulus (elastic, G’) and loss modulus (viscous, G’’) slightly decreased in the 

presence of both LS (Figure 5.5A) and LH (Figure 5.5B) lignins, indicating that the composite 

materials are softer and more compliant, especially at lignin loadings of 5 and 15 wt.%. 

 
Figure 5. 5 Rheological curves of unmodified softwood and hardwood lignin on PLA. 

 

In addition, both the composite materials and neat PLA exhibited predominantly 

viscous behavior, as indicated by higher G″ values compared to G’. This observation is further 

supported by the loss factor (tan δ) results shown in Figure 5.5C for softwood lignin, where the 

biocomposites displayed crossover points (tan δ = G’/G’’ = 1) at higher frequencies, ranging 

from 50 to 75 Hz, in contrast to neat PLA, which showed a crossover around 40 Hz. This shift 

toward higher frequencies suggests that the biocomposites maintain a viscous-dominated 

response over a broader frequency range, possibly due to restricted chain mobility or increased 
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interfacial interactions introduced by lignin (Guo et al., 2019). While for LH, Figure 5.5 D, at 

10 wt.%, the crossover point (37 Hz) was slightly lower than that of neat PLA, showing a more 

elastic behavior, suggesting stronger interactions between the hardwood lignin and the PLA 

matrix.  

Moreover, G’ and G” showed a linear behavior at low frequencies; consequently, a 

strong relationship between viscosity and shear rate, evidencing a strong power-law 

dependence (Gupta et al., 2017). The data presented in Table 5.2 illustrate this phenomenon 

during the evaluation of the rheological percolation threshold for a uniform dispersion at low 

frequencies (ranging from 1 to 10 rad/s).  

 

Table 5. 2 Low frequency slopes of G’ and G” for unmodified and silylated lignin 
biocomposites. 

Samples G’ G” Samples G’ G” 

PLA 1.60 0.91 - - - 

Unmodified softwood   Unmodified hardwood   

PLA5LS 1.58 0.92 PLA5LS 1.62 0.89 

PLA10LS 1.45 0.76 PLA10LS 1.53 0.84 

PLA15LS 1.59 0.90 PLA15LS 1.59 0.88 

Silylated softwood    Silylated hardwood    

PLA10LS1GPS 1.54 0.84 PLA10LH1GPS 1.49 0.82 

PLA10LS3GPS 1.58 0.86 PLA10LH3GPS 1.55 0.85 

PLA10LS5GPS 1.59 0.88 PLA10LH5GPS 1.57 0.86 

 

The observed reduction in the slope values of G’ and G” at a concentration of 10 wt.% 

for both softwood (slope G’ and G” of 1.45 and 0.76, respectively) and hardwood (slope G’ and 

G” of 1.53 and 0.84, respectively) indicates improved lignin dispersion through the matrix and 

the possible formation of a network. 

Regarding the materials' processability evaluated by complex viscosity (η*), PLA-

lignin biocomposites present typical thermoplastics shear-thinning behavior, meaning that with 

the increase in shear rate, the viscosity decreases (Alshammari; Ameli, 2024). As observed, the 

addition of a lignin loading of 5 wt.% decreased the viscosity of the biocomposites regardless 

of the type of lignin that was incorporated, as shown in Figure 5.5 (E, F), and slightly increased 

at loads of 10 and 15 wt.%, however, behaving as neat PLA. In this case, lignin acted as a 

plasticizer agent, requiring less resistance to deformation, showing lower degrees of 
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intercalation, while increasing the free volume of the PLA matrix with the higher loads of lignin 

(Anuar et al., 2023; Terzopoulou et al., 2025). Studies by Ding et al. (2023) also found that the 

addition of 2.5 and 10 wt.% of kraft lignin significantly decreases the composite viscosity at a 

low shear rate, which was attributed to the lower molecular weight of lignin compared to PLA.    

Thus, both LS and LH were modified through silylation reaction to enhance the 

interfacial adhesion between lignin and PLA, expressed by the low value obtained for storage 

modulus (G’) and complex viscosity arising from polarity and structure differences. The 

influence of GPS, as a coupling agent, on the rheological properties of PLA-lignin 

biocomposites was measured at a constant lignin fraction of 10 wt.% at 190 °C as a function of 

frequency (Figure 5.6).  

The rheological parameters, represented by G’, G”, and η*, gradually increased with 

increasing GPS content in the selected lignins, revealing higher values than neat PLA and the 

unmodified 10 wt.% PLA/lignin biocomposites (Figures 6A and 6B). Silylation of lignin 

allowed the formation of localized bonding interactions along the PLA matrix, restricting chain 

mobility and increasing biocomposite complex viscosity, as well as a significant change in its 

flow behavior (Alshammari; Ameli, 2024; Gupta; Kumar; Sachdeva, 2024). 

In previous research, highly fibrillated lignocellulosic fibers, originally from a stone 

groundwood pulp, were silylated at 3, 5, 7, and 10 wt.% GPS contents and incorporated into 

the PLA (Herbst et al., 2024). The lowest degree of silylation (3 wt.% of GPS addition) showed 

the highest enhancement of both G’ and G” of the biocomposites due to the covalent bond 

formation between the available hydroxyl groups and the hydrolyzed forms of GPS silanol 

groups, while its epoxy terminal groups were able to undergo to open-ring rection with PLA 

ends during melt processing (Arslan; Dogan, 2018; Chen et al., 2021b; Herbst et al., 2024; 

Sekar et al., 2023). On the one hand, this bond formation creates a strong network between filler 

and matrix, and possibly a percolation threshold. On the other hand, the excess coupling agent 

leads to system plasticization or over-compatibilization due to possible GPS self-condensation 

and steric interference at the filler-matrix interface (Sekar et al., 2023).  
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Figure 5. 6 Rheological curves of silylated softwood and hardwood lignin on PLA. 

 

In Table 5.2, the slopes of G’ and G” for silylated lignin biocomposites presented 

lower values at 1 wt.% of GPS content, suggesting optimization of lignin percolation by the 

coupling agent and better dispersion of both LS and LH up to around 3 wt.% of GPS content. 

This leads to an improved interface and consequently enhances further mechanical properties. 

However, up to 3 wt.%, the slope increased, suggesting weakening of the network, and 

consequently leading to lower mechanical properties.  

The silylation of lignin directly affected the complex viscosity of the biocomposites, 

as shown in Figure 5.6 (E, F). In addition, as the concentration of GPS increased, η* was 

intensified, reflecting on the biocomposite flowability, as depicted from the MFI values (Figure 

5.7). PLA/LH biocomposites presented higher MFI than PLA/LS (Figure 5.7A), which is 

attributed to the higher linearity and condensed structure of LH, contributing to the plasticizing 

effect and inducing free volume between PLA chains. Something similar was observed with 

the PLA/LS biocomposites, although the higher complexity of the LS structure and tendency 

to form aggregates resulted in a decrease in MFI values (Park et al., 2019; Suota et al., 2021). 

The incorporation of the GPS coupling agent led to a significant reduction in the MFI values of 

both LS and LH biocomposites. In particular, 10 wt.% of LH silylated with 5 wt.% GPS 

exhibited an MFI comparable to that of neat PLA. This suggests that lignin modification 
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enhanced interfacial interactions within the molten composite, promoting greater cohesion with 

the PLA matrix(Zhang et al., 2024b).  

 
Figure 5. 7 MFI of unmodified and silylated lignin PLA biocomposites. 

  

In summary, the melt rheology indicated that PLA/LS and PLA/LH exhibited lower 

complex viscosity and higher MFI than neat PLA. Furthermore, lignin silylation introduced 

interfacial binding sites into the PLA matrix, facilitated by the two distinct reactive groups 

present in the coupling agent. This modification contributed to the increase in viscosity and 

may have enhanced the formation of nucleation sites, thus promoting crystallization in the 

biocomposite (Ma et al., 2023; Shorey; Gupta; Mekonnen, 2021).  Figure 5.8 shows the thermal 

events of unmodified and silylated PLA biocomposites during the second heating scan. Neat 

PLA presents an amorphous structure after melt-processing, indicating limited recrystallization 

during the cooling phase. However, the lignin incorporation was able to induce cold 

crystallization followed by melting, for all the LS compositions, as shown in Figure 5.8A. The 

presence of rigid lignin molecules possibly restricts the mobility of PLA chains, limiting their 

ability to organize and crystallize during cooling. As a result, a higher cold crystallization 

enthalpy is observed during heating, suggesting a reduced nucleation efficiency in the 

composite (Yang et al., 2021). Although for LH, Figure 5.8B, as the amount of LH increases, 

the cold crystallization and melting events were minimized, due to the amorphous and less 

condensed nature of this lignin type (Spiridon et al., 2015).  

After silylation, both cold crystallization and melting events were observed for LS 

lignin, as shown in Figure 5.8C. These events were maximized for LH as the GPS 

concentration increased, compared to the untreated 10 wt.% of LH, which is displayed in 

Figure 5.8D. The presence of cold crystallization and melting events could lead to an increase 

in the crystallinity degree of modified lignin PLA biocomposites (Frasca et al., 2024), supported 
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by the significant increase in its G’ observed in the rheological properties of Figure 5.6 (A and 

B). 

 
Figure 5. 8 DSC thermograms of unmodified and silylated lignin PLA biocomposites. 

 

The effect of unmodified and silylated lignins on the Tg and crystallization of PLA is 

provided in Table 5.3. All the biocomposites showed a Tg of around 61 °C, characteristic of 

neat PLA. The presence of a single Tg in the DSC thermogram suggests that lignin and PLA 

are at least partially miscible at the molecular level (Johansson et al., 2023). As discussed, the 

selected PLA presents an amorphous structure after melting, showing no crystallinity index 

(Xc). Once LS is incorporated at 5, 10, and 15 wt.%, the Xc of the biocomposites increases to 

around 3%, due to its more condensed structure, which promotes a weak but more effective 

nucleation of PLA crystals. Despite lignin-induced crystallinity, overall levels remained low 

since lignin does not act as a strong nucleating agent, in some cases, slowing down or inhibiting 

the formation of crystalline domains (Righetti; Faedi; Famulari, 2024), as in the case of LH, in 

which Xc values range from 0.1 to 1.1%. However, the LS and LH silylation had no clear effect 

on the PLA crystallization. LS provided the highest Xc for 3 wt% of GPS, while in the case of 

LH, it was found at 1 wt% of GPS addition.  
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Table 5. 3 Effect of lignin silylation on the thermal properties of softwood and hardwood 
PLA biocomposites. 

Lignin  GPS Tga Tccb1 Tmc1 ΔHccb2 ΔHmc2 Xcd 

(%) (°C) (Jg−1) (%) 

PLA 0 61.1  - - - - 0 

Softwood        

5 0 61.0 118 149 21.6 24.5 3.2 

10 0 60.8 120 150 20.4 22.9 3.0 

10 1 61.1 120 150 21.8 24.5 3.2 

10 3 60.7 118 149 17.7 21.5 4.5 

10 5 61.3 117 150 20.5 21.9 1.6 

15 0 60.5 121 150 20.6 22.9 3.0 

Hardwood        

5 0 61.0 124 150 17.7 17.8 0.1 

10 0 61.3 128 151 4.7 5.6 1.1 

10 1 61.0 123 150 18.2 19.5 1.5 

10 3 60.8 123 149 18.5 19.4 1.1 

10 5 61.1 125 150 14.2 14.4 0.3 

15 0 61.3 - 150 0.0 0.2 0.3 
a Tg = glass transition temperature. 
b1 Tcc = cold crystallization temperature / b2ΔHcc = cold crystallization enthalpy.  
c1 Tm = melting temperature / c2ΔHm = melting enthalpy.  
dXc = crystallinity index.  

 

5.3.3 MECHANICAL PROPERTIES OF PLA-LIGNIN FILMS  

The mechanical properties of neat PLA and its biocomposites with lignin derived from 

unmodified and silylated LS and LH are shown in Table 5.4. The effect of lignin on PLA is 

strongly dependent on its composition and structure, which are, in turn, strongly influenced by 

its botanical origin and extraction process (Li et al., 2025; Rencoret et al., 2023). Lignin derived 

from softwood species is typically richer in guaiacyl units than hardwood-derived lignin. On 

the contrary, hardwood lignin, characterized by a higher syringyl content, interacts differently 

with the PLA matrix and, thus, results in biocomposites with distinct mechanical performance 
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(Terzopoulou et al., 2025). Figure 5.9 shows the evolution of tensile strength at increasing 

unmodified LS and LH contents, as well as the influence of silylation reaction through the 

increase of GPS content at lignin weight fraction set at 10 wt.%.  

 
Figure 5. 9 Influence of unmodified and silylated lignin type over tensile strength of different 

lignin loads, and GPS content of 10 wt.% filled biocomposites. Letters indicate statistical 
differences according to Tukey's HSD test (p < 0.05): a, b, and c for comparison between 
lignin concentrations and (a), (b), and (c) for comparison between GPS concentrations.  

 

The incorporation of 5 wt.% of both lignins into PLA resulted in improvements in 

tensile strength of approximately 5% and 8% for LS and LH, respectively, as the lignin content 

increased to 10 wt.%, LH continued to enhance the tensile strength of the composite, achieving 

an overall improvement of approximately 13%. On the contrary, LS at 10 wt.% did not 

contribute to the tensile strength of the obtained biocomposites, resulting in a reduction of this 

property when compared to the neat PLA. In this case, reinforcement appears to be driven by 

mechanical interlocking, and at higher loads, tensile strength decreased due to low compatibility 

or agglomeration (Wasti et al., 2021; Wu et al., 2025). On the other hand, LH tends to form 

stronger interfacial bonds, promoting better stress transfer and dispersion within the matrix. 

Furthermore, the lower glass transition temperature (Tg) of hardwood lignin, approximately 130 

°C, compared to softwood (around 177 °C), suggests better thermal compatibility with PLA 

during melting processing, leading to a more homogeneous mixing and improved interfacial 

adhesion (Mariana et al., 2021). 
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Table 5. 4 Tensile properties of composite films according to lignin and coupling agent load. 

Lignin GPS 
Tensile strength 

(σt) 

Young modulus 

 (Et) 

Elongation  

(ɛ) 

wt.% wt.% MPa GPa % 

0 0 33.4 ± 2.2 a  2.7 ± 0.1a 3.40 ± 0.31 c 

LS     

5 0 35.2 ± 1.7 a 2.9 ± 0.1 a 2.04 ± 0.30  a 

10 0 27.8 ± 2.9 b,(a) 3.2 ± 0.2 a; (a) 1.45 ± 0.19  b; (a) 

10 1 31.8 ± 1.9 a; (b) 3.2 ± 0.2 (a) 1.77 ± 0.20  (b) 

10 3 23.7 ± 2.1(c) 2.7 ± 0.3 (b) 1.92 ± 0.42 (b) 

10 5 20.1 ± 2.2 (c) 2.6 ± 0.2 (b) 1.62 ± 0.39 (a,b) 

15 0 31.6 ± 1.2 a 3.0 ± 0.4 a 1.59 ± 0.27  b 

LH     

5 0 36.4 ± 4.4 a,c; (a,b) 2.7 ± 0.1a; (a) 2.77 ± 0.18 a; (a) 

5 1 38.4 ± 3.2 (a) 2.7 ± 0.3 (a) 2.78 ± 0.42 (a) 

5 3 38.6 ± 1.9 (a) 2.9 ± 0.3 (a) 2.56 ± 0.25 (a) 

5 5 34.2 ± 2.7 (b) 2.9 ± 0.3 (a) 2.71 ± 0.21 (a) 

10 0 40.4 ± 4.8 b; (a) 2.6 ± 0.1a; (a) 2.53 ± 0.35 a; (a) 

10 1 46.4 ± 0.4 (b) 3.0 ± 0.1 (b) 3.10 ± 0.12 c; (b) 

10 3 36.2 ± 2.0 (c) 3.1 ± 0.2 (b) 2.28 ± 0.17 (a) 

10 5 33.6 ± 3.2 (c) 3.2 ± 0.2 (b) 2.37 ± 0.30 (a) 

15 0 38.2 ± 4.8 b,c; (a) 3.2 ± 0.2 b; (a) 2.09 ± 0.19 a; (a) 

15 1 32.1 ± 3.9 (a,c) 2.9 ± 0.2 (a) 2.01 ± 0.17 (a) 

15 3 31.8 ± 2.3 (c) 3.1 ± 0.2 (a) 1.80 ± 0.23 (a) 

15 5 35.9 ± 2.2 (a,b) 3.1 ± 0.1 (a) 2.04 ± 0.14 (a) 

Superscript letters indicate statistical differences according to Tukey's HSD test (p < 0.05): a, b, and c 
for comparison between lignin concentrations and (a), (b), and (c) for comparison between GPS 
concentrations.  

 

The difference in mechanical behavior can be attributed to the different interactions 

between each type of lignin and the PLA matrix. LH exhibited a lower content of aliphatic and 

phenolic hydroxyl (OH) groups, along with a higher methoxy content, reflected in a 

syringyl/guaiacyl (S/G) ratio of 1.97 (Suota et al., 2021b). A lower hydroxy group concentration 

typically results in reduced polarity, which can improve compatibility with the PLA matrix, 

leading to better dispersion and interfacial adhesion. Furthermore, a higher methoxy content 
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and a higher S/G ratio are associated with a more linear and less condensed lignin structure, 

which increases chain flexibility and reduces the tendency to aggregation (Österberg et al., 

2023; Rosado et al., 2025). These characteristics promote uniform dispersion and enable more 

effective stress transfer within the composite, contributing to improved tensile strength. In 

contrast, the higher hydroxy group content and the presence of mainly guaiacyl units can lead 

to stronger lignin-lignin interactions than lignin-PLA, leading to phase separation and poor 

mechanical performance at higher loads (Terzopoulou et al., 2025). 

Once silylated, the 10 wt.% LH biocomposites at 1 wt.% GPS showed an improvement 

of around 13% compared to their unmodified per and around 28% to neat PLA. The attached 

organosilane groups at the lignin surface increase the dispersion in PLA and improve interfacial 

adhesion (Huo et al., 2025; Zhu et al., 2015). As a result, the biocomposites based on silylated 

lignin often exhibit enhanced mechanical performance, especially for LH biocomposites. 

However, as the GPS content increases to 3 and 5 wt.%, the tensile strength of the samples 

decreases independently of the type of lignin.  

As observed in the rheological properties, this phenomenon could be related to the 

excess coupling agent and system plasticization due to possible over-compatibilization, induced 

by the GPS self-condensation (Sekar et al., 2023).  In the case of silylated lignin, excessive GPS 

loading may result in the formation of a rigid interphase surrounding the lignin particles, 

limiting molecular mobility and leading to stress concentration sites, as happens in natural fiber 

polymeric composites with excessive coupling agent in natural fiber composites, which leads 

to a decline in mechanical properties rather than continued enhancement (El-Sabbagh, 2014). 

This effect can counterbalance the benefits of improved interfacial bonding, resulting in 

increased brittleness rather than enhanced mechanical performance. 

Silylated lignins generated an increase in complex viscosity of PLA, as discussed 

above, indicating enhanced interfacial interactions and possibly restricted chain mobility due to 

better lignin dispersion or partial crosslinking effects, caused by covalent bonds formed 

between GPS and lignin during the drying process, anchoring the coupling agent, that upon 

melt mixing with PLA, GPS can also react with PLA’s carboxyl end groups, strengthening 

interfacial adhesion and enhancing the composite's mechanical properties leading to significant 

improvement in the tensile strength of the LH composite, overcoming neat PLA (Arslan; 

Dogan, 2018; Herbst et al., 2024).  As supported by the Young’s modulus results in Table 5.4, 

LH biocomposites showed higher values in comparison to neat PLA. At the same time, at 10 

wt.% of unmodified LH, it was slightly lower, meaning that stiffness was reduced, indicating 
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that at this lignin concentration, the composite was more flexible, and more recommended for 

film application (Fazeli et al., 2024). However, after the silylation, the lignin induces a low 

degree of crystallization (observed by the DSC analysis in Table 5.3), leading to an increase in 

Young's modulus. In contrast, the LS composite showed a decline in tensile strength with the 

lignin incorporation and after silylation, despite increased viscosity, suggesting that 

compatibility improvements were insufficient to overcome the inherently lower miscibility or 

more rigid structure of guaiacyl-rich softwood lignin, leading to an increase in Young’s 

modulus, suggesting that the biocomposites became more brittle, as its elongation at break 

results also decrease (Ridho et al., 2022).  

 

5.3.4 BARRIER PROPERTIES 

 

Figure 5.10 shows the visual of the films, and the barrier properties of PLA 

biocomposites containing unmodified and silylated LS and LH were assessed through 

ultraviolet light (UV) shielding, water vapor transmission rate (WVTR), and water contact 

angle (WCA). These properties determine how effectively a film can be applied as a packaging 

material, protecting contents from external factors such as moisture, extending shelf life, and 

preserving product quality (Cheng et al., 2024). In polymeric films, barrier performance is 

influenced by the material’s molecular structure, crystallinity, and the presence of additives or 

fillers (Wu; Misra; Mohanty, 2021), as in the case of LS and LH. 

Differences in transparency and color intensity with increasing LS and LH content 

were shown in Figures 5.10 A and 5.10 B, corroborating the UV-shielding performance of the 

biocomposites, as presented in Figures 5.10 C and 5.10 D, corresponding to the LS and LH 

biocomposites, respectively, based on transmittance (%) measurements in the 200–800 nm 

wavelength range. Neat PLA exhibited high transmittance, ranging from 60% to 85% in the 

UVA and UVB regions, and approximately 90% transparency at 660 nm, indicating limited 

UV-blocking capability. Conversely, PLA biocomposites containing 5 wt.% LS lignin shows a 

significant reduction in transmittance, reaching values between 0% and 10% in the UV region 

and approximately 10% at 660 nm, demonstrating improved UV-shielding capability. As the 

lignin content increased, the UV-blocking efficiency was enhanced for both LS and LH, 

attributed to the effective suppression of UV light (transmittance equal to zero). However, this 

improvement in UV protection suppresses visible light transparency.  
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Figure 5. 10 Unmodified and silylated soft and hardwood lignin PLA films' barrier 

properties: Photograph of (A) LS and (B) LH films; Transmittance of (C) LS and (B) LH 
films;  (E) Water vapor transmission rate and (F) water contact angle of LS and LH films, in 

which the letters indicate statistical differences according to Tukey's HSD test (p < 0.05): a, b, 
and c for comparison between lignin concentrations and (a), (b), and (c) for comparison 

between GPS concentrations.  
 

The difference in the refractive indices of PLA in particles promotes light scattering, 

leading to a reduction in optical transparency (Ye et al., 2023). This effect becomes more 

pronounced at higher lignin loadings, which explains the progressively darker and more opaque 
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appearance observed for films containing increased amounts of LS or LH, due to chromophore 

groups within lignin's complex aromatic structure (He et al., 2025; Wu et al., 2024).  

Chromophores, such as conjugated aromatic rings, facilitate π-π* electronic 

transitions, which are primarily responsible for UV absorption. This effect is further enhanced 

by the functional groups like phenolic hydroxyls, methoxy (-OCH₃), and carbonyl (-CO), that 

can interact with the aromatic system, inducing a redshift in the π-π*, intensifying UV 

absorption across a wider spectral range (Duan et al., 2022; Wu et al., 2024; Zhang et al., 2025). 

However, the same chromophore groups are responsible for the characteristic dark brown color 

of lignin (Li et al., 2019b), which leads to no transparency of PLA-lignin biocomposites. 

Although this characteristic does not necessarily limit the applicability of the developed 

biocomposites. In several applications, transparency is not a critical requirement. For instance, 

in drug delivery systems, the functional performance of the carrier, such as UV protection and 

barrier properties, can contribute to the protection of photosensitive active compounds (Wang 

et al., 2021; Witzler et al., 2018). 

In addition to UV-shielding properties, the water vapor transmission rate (WVTR) 

plays a significant role in polymeric films, especially for food packaging applications, and the 

results are shown in Figure 5.10 E. Compared to neat PLA, the WVTR of the biocomposites 

generally slightly decreased as the load of both lignin types increased, due to lignin’s inherently 

amphiphilic characteristics, presenting both hydrophobic and hydrophilic groups in its structure 

(Agustin et al., 2023), allowing partial compatibility with the PLA matrix. LS displayed values 

ranging from 18 to 22 g/m²·day, while LH showed lower values from 15 to 20 g/m²·day. In 

composite films, micro- and nanofillers act as impermeable obstacles within the PLA matrix, 

creating a tortuous diffusion pathway that forces water vapor molecules to get cross-dispersed. 

Reducing the WVTR, thereby improving the barrier performance of the material (De Lima et 

al., 2025; Yang et al., 2020a). Gas barrier properties are often influenced by the crystalline 

content of the polymer matrix, as crystalline regions are less permeable than amorphous ones 

(Safandowska et al., 2022).  

The DSC results presented in this work (Table 5.3) indicate that the PLA matrix 

remained predominantly amorphous. However, the addition of lignin slightly promoted 

crystallization by introducing a limited number of crystalline domains. These formed crystalline 

regions may have contributed to a modest reduction in WVTR, although the effect was minor 

compared to pure PLA. Boarino et al (2022) (Boarino et al., 2022) studied the effect of PLA 

blends containing lignin, lignin nanoparticles, and PLA-grafted lignin nanoparticles with 1, 5, 
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and 10 wt.% lignin content in PLA films, and observed a slight reduction in the WVTR as the 

lignin load was increased, regardless of the lignin form, but especially for the PLA-grafted 

nanoparticles. 

Changes in surface wettability, driven by lignin functional groups, distribution, and 

structural factors, can also affect the water contact angle of the PLA-lignin biocomposites, as 

reported in Figure 5.10F. LS lignin biocomposites showed WCA values ranging from 74 to 

82°, with the highest value obtained for 15 wt.% of lignin, exceeding the values obtained by 

LH due to the higher hydrophobic character of LS lignin. Regardless of LS silylation, the 

sample with 3 wt% GPS exhibited the highest WCA, suggesting that higher GPS loadings may 

increase moisture uptake, due to unreacted GPS or ungrafted free radicals in lignin or PLA. 

However, for LH containing biocomposites, corresponding to the one that showed improved 

mechanical properties, indicating better interactions with the PLA matrix, yielded WCA values 

ranging from 70 to 82°, with the silylated sample at 1 wt.% of GPS showing the highest value. 

While at 15 wt.% of lignin, the value decreased to 70°. Despite the differences between LS and 

LH, the WCA values only decrease or increase by around 10 % of the neat PLA WCA.  

 

5.4 CONCLUSION  

This study demonstrated that both lignin type and silylation significantly affect the 

thermal, mechanical, and rheological properties of PLA-lignin composite films. FTIR analysis 

identified structural differences between LS and LH lignins (guaiacyl and syringyl groups), 

though GPS functional groups were not detected. Silylation increased the Tg of LS and LH by 

3 °C and 7 °C, respectively, confirming reaction effectiveness. The degree of silylation was 

visually supported by lignin ash color change: LS from white to dark gray, and LH from light 

orange to white with increasing GPS content. Rheological analysis showed that LH at 10 wt.% 

and GPS at up to 3 wt.% were well dispersed. Both lignin types decreased the complex viscosity 

(η*) of the biocomposites; however, once silylated, η* increased, suggesting enhanced 

interactions and network formation within the PLA matrix. MFI values increased from around 

6 to 16 g/10min for both LS and LH, and with the increase of GPS concentration, the values 

decreased from 6 to 16 g/10min to 10 wt.%. Despite significant changes in the rheology 

properties, crystallinity increased slightly with GPS (4.5% for LS, 1.5% for LH), with minimal 

Tg variation (60.5 – 61.3 °C). Mechanically, LH-based composites outperformed LS due to 

their structure and lower molecular weight. LS at 5 wt.% reached 35.2 ± 1.7 MPa (statistically 
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similar to neat PLA), while LH at 10 wt.% improved tensile strength by around 20% 

(40.04 ± 4.8 MPa). With 1 wt.% GPS, LH composites showed around 40 % tensile strength 

increase (46.4 ± 4 MPa) over neat PLA, confirming enhanced interfacial adhesion. However, 

silylation had minimal impact on barrier properties (UV blocking, WVTR, and WCA). Overall, 

the findings highlight the important role of lignin type and surface modification in improving 

PLA biocomposites for sustainable uses. Future research could explore the effect of shorter-

chain silanes and compare the performance of grass lignin with LS and LH to enhance 

interfacial interactions. Evaluating the long-term stability, biodegradation behavior, and 

scalability of processing for silylated PLA-lignin systems would also provide valuable insights 

for future application development. 
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6. FINAL CONSIDERATIONS 

This study demonstrates that the performance of PLA-based biocomposites is ruled by 

the relationship between the chemical structure of lignocellulosic reinforcements, their surface 

reactivity, and their resulting interfacial interactions with the polymer matrix. By systematically 

comparing untreated SGW fibers, bleached SGW fibers, and isolated softwood and hardwood 

lignins, the work clarifies how differences in morphology and chemistry influence the 

effectiveness of silane-based interfacial engineering. 

Untreated high-yield SGW fibers exhibited the highest intrinsic reinforcing efficiency, 

achieving tensile strength improvements of up to 27% at 20 and 30 wt% fiber loadings without 

chemical modification. This behavior is primarily attributed to their high aspect ratio and 

preserved lignin-rich surface, which promotes effective stress transfer through mechanical 

interlocking and network formation within the PLA matrix. In these systems, lignin acts not 

only as a structural component but also as a compatibilizer, whose reactivity becomes 

particularly relevant after silylation, enhancing fiber–matrix adhesion without compromising 

the morphology-driven reinforcement mechanism. 

In contrast, progressive bleaching substantially altered both the chemical composition 

and morphology of SGW fibers. While increased cellulose purity improved surface reactivity 

toward silane coupling, fiber shortening and fines formation reduced aspect ratio and disrupted 

the physical fiber network. Consequently, bleached fibers displayed reduced geometry-driven 

reinforcement. However, these systems benefited more strongly from silylation, as evidenced 

by increased complex viscosity and improved interfacial structuring at intermediate GPS 

contents. This shift highlights a transition from morphology-dominated reinforcement in 

untreated SGW to chemistry-dominated interfacial control in bleached SGW, demonstrating 

that optimal composite performance results from a balanced preservation of lignin and fiber 

geometry combined with targeted surface modification. 

The comparison between fiber-based composites and PLA–lignin systems further 

emphasized the critical role of interface design. In lignin-filled PLA, in which reinforcement 

depends entirely on interfacial interactions rather than particle geometry, silylation proved 

particularly effective. Both softwood and hardwood lignins exhibited improved dispersion and 

matrix compatibility after modification, with the strongest effects observed at low lignin 

contents (1 wt%). Notably, LH showed a more pronounced response to silylation, leading to 

enhanced rheological structuring, increased glass transition temperature, and improved 

mechanical performance in selected formulations. These differences can be linked to inherent 
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structural variations between LS and LH, which influence silane grafting efficiency and 

interfacial bonding with PLA. 

Across all material systems, the results consistently indicate that interfacial phenomena 

emerge from the combined effects of chemical functionality, surface accessibility, and 

morphological integrity. Excessive chemical treatment, whether through extensive bleaching or 

high silane loadings, tended to disrupt this balance. However, moderate modification levels 

provided the most favorable compromise between reinforcement efficiency, rheological 

behavior, and processability. Overall, this work highlights that controlled interfacial 

engineering, rather than maximal chemical modification, is the key to developing high-

performance, sustainable PLA biocomposites, positioning SGW fibers and lignin as viable, 

multifunctional alternatives to conventional fossil-based fillers, comparable to PP reinforced 

composites. 
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7. FUTURE PERSPECTIVES 

Examine how different lignin types, including grass-derived lignins, can provide 

deeper insights into their structure–property relationships and their influence on polymer–filler 

interactions. Additionally, fractionating lignin based on molecular weight could enable the 

selective use of fractions with tailored properties, facilitating targeted functionalization and 

improved compatibility with polymer matrices, including PLA and other biopolymers. 

Furthermore, lignin could be explored as a precursor for compatibilizer development, acting 

not only as a reinforcing filler but also as a natural interface modifier in biopolymer systems. 

These approaches may expand the potential of lignin to enhance both mechanical performance 

and processability in sustainable biocomposites.  
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