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Influence of Lignocellulosic Fillers and Interfaces on 

Thermal and Mechanical Properties of Biocomposites 

 

Abstract 

This thesis consists of five main parts. In the first part, the properties of novel 

lignocellulosic fillers were investigated. The cellulose, hemicellulose, and lignin 

ratios of fillers were determined by chemical composition analysis, the chemical 

bonds in the molecular structure were defined by Fourier transform infrared (FTIR) 

spectroscopy, the crystallographic properties of fillers were determined by X-ray 

diffraction (XRD) analysis, thermal stabilities were stated by thermogravimetric 

analysis (TGA), and morphological properties were analyzed by scanning electron 

microscopy (SEM). Hence, the results obtained for the alternate lignocellulosic 

fillers were brought to the literature. 

In the second part, biocomposite production was performed by adding untreated 

fillers to polypropylene (PP) with particle sizes under 100 microns and 100-250 

microns at the rates of 5%, 10%, 15%, and 20% by weight. The effects of the particle 

size of fillers and filler types on the mechanical and viscoelastic properties of 

biocomposites were investigated by performing tensile tests, three-point bending 

tests, and dynamic mechanical analyses (DMA).  When the mechanical properties of 

biocomposites were compared with the neat PP; it was determined that the 

biocomposite, which contains 10% of wood filler with under 100 microns particle 

size, provided the optimum values among all other fillers with a tensile strength of 
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21.2 MPa, a tensile modulus of 1150 MPa, a flexural strength of 34 MPa, and a 

flexural modulus of 1334 MPa. 

In the third step, wood filler under 100 microns was treated with sodium hydroxide 

(NaOH) at 3%, 5%, and 10% ratios in order to determine the ideal ratio for surface 

modification. According to the results of the FTIR analysis, 5% NaOH was 

determined as the most effective modification parameter. In the fourth part of the 

study, maleic anhydride-grafted polypropylene (MAPP) was added to the PP at 1%, 

3%, and 5% by weight. Tensile and three-point bending tests were applied to the 

samples to determine the ideal additive ratio. As a result of these tests, with 29 MPa 

tensile strength, 1075 MPa tensile modulus, 47 MPa flexural strength, and 1864 MPa 

flexural modulus values, the best results were obtained in the 3 wt. % MAPP added 

sample. 

In the fifth and last step, the final biocomposite with improved thermal and 

mechanical properties was produced by using the most ideal ratios obtained until this 

stage of the thesis study. The content of this biocomposite consists of 5% alkali-

treated wood (<100µ) 10 wt. %, and 3 wt. % MAPP-filled polypropylene. According 

to the mechanical analysis results, this biocomposite provided an increase of 10% in 

tensile strength and 60% in tensile modulus when compared to PP. Nevertheless, 

when the thermal properties of the 5AT10W-3MAPP biocomposite were compared 

with pure PP, the thermal stability and crystallization rates of the biocomposites 

improved by 21.5 °C and 5.6%, respectively. 

Keywords: Biocomposites, lignocellulosic fillers, surface treatments, thermal and 

mechanical properties 
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Lignoselülozik Dolgu Malzemelerinin ve Arayüzeylerin 

Biyokompozitlerin Termal ve Mekanik Özelliklerine 

Etkisi 

 

Öz 

Bu tez çalışması temel olarak beş ana bölümden oluşmaktadır. Çalışmanın birinci 

bölümünde daha önce çalışılmamış alternatif lignoselülozik dolgu malzemelerinin 

özellikleri araştırılmıştır. Bu malzemelerin selüloz, hemiselüloz ve lignin oranları 

kimyasal kompozisyon analiziyle, molekül yapısındaki bağların tanımlanması 

Fourier dönüşümlü kızılötesi (FTIR) spektroskopisiyle, kristallografik özellikleri X-

ışını kırınım (XRD) analiziyle, termal kararlılıkları termogravimetik analiz (TGA) ile 

ve morfolojik özellikleri taramalı elektron mikroskobu (SEM) kullanılarak 

incelenmiştir. Böylece budama atığı kiraz ağacı dallarının odun ve kabuk kısımları 

için elde edilen sonuçlar literatüre kazandırılmıştır.  

İkinci kısımda, odun ve kabuk dolgu malzemeleri 100 mikron altı ve 100-250 mikron 

arası parçacık boyutlarında polipropilenin (PP) içerisine ağırlıkça %5, %10, %15 ve 

%20 oranlarında katılarak biyokompozit malzeme üretimi gerçekleştirilmiştir. 

Üretilen bu numunelere çekme, üç nokta eğme ve dinamik mekanik analiz (DMA) 

testleri yapılarak odun ve kabuk dolgu malzemelerinin ve farklı dolgu 

malzemelerinin parçacık boyutunun biyokompozitlerin mekanik ve viskoelastik 

özelliklerine etkisi incelenmiştir. Saf PP referans alınarak üretilen biyokompozitlerin 

mekanik özellikleri karşılaştırıldığında; 21.2 MPa çekme dayanımı, 1150 MPa çekme 
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modülü, 34 MPa eğilme dayanımı ve 1334 MPa eğilme modülü değerlerine sahip 

olan ağırlıkça %10 oranda 100 mikron altı odun dolgu malzemesi içeren 

biyokompozitin diğer tüm dolgu malzemeleri ve oranları içerisinde optimum 

değerleri verdiği belirlenmiştir. 

Çalışmanın üçüncü adımında, 100 mikron altı odun dolgu malzemesine, yüzey 

modifikasyonu için ideal oranının belirlenmesi amacıyla, 60 dakika sabit sürede, %3, 

%5 ve %10 oranlarında sodyum hidroksit (NaOH) ile yüzey işlemine tabi 

tutulmuştur. FTIR analiz sonuçlarına göre en etkili modifikasyon parametresi olarak 

%5 NaOH oranı tespit edilmiştir. Çalışmanın dördüncü bölümünde, saf PP’nin 

içerisine ağırlıkça %1, %3 ve %5 oranlarında maleik anhidrit aşılı polipropilen 

(MAPP) ilave edilmiştir. İdeal katkı oranının belirlenmesi için numunelere çekme ve 

üç nokta eğme testleri uygulanmıştır. Bu testler sonucunda, 29 MPa çekme dayanımı, 

1075 MPa çekme modülü, 47 MPa eğilme dayanımı ve 1864 MPa eğilme modülü 

değerleri ile en iyi sonuç ağırlıkça %3 MAPP katkılanmış numunede elde edilmiştir. 

Çalışmanın beşinci ve son adımında ise, tez çalışmasının bu aşamasına kadar elde 

edilen en ideal oranlar kullanılarak termal ve mekanik özellikleri iyileştirilmiş nihai 

biyokompozit malzeme üretilmiştir. Bu malzemenin içeriği ağırlıkça %10 oranında 

%5 NaOH ile modifiye edilmiş 100 mikron altı odun dolgusu ve ağırlıkça %3 

MAPP’tan oluşmaktadır (5AT10W-3MAPP). Elde edilen mekanik analiz sonuçlarına 

göre, bu kompozisyon saf PP ile karşılaştırıldığıda çekme dayanımında yaklaşık 

%10, çekme modülünde ise yaklaşık %60 oranında bir artış göstermiştir. Benzer 

şekilde, 5AT10W-3MAPP numunesinin termal özellikleri saf PP ile 

karşılaştırıldığında biyokompozitlerin termal kararlılığı ve kristalleşme hızlarında 

sırasıyla 21.5 ℃ ve %5.6 oranlarında iyileşme gözlemlenmiştir. 

Anahtar Kelimeler: Biyokompozitler, lignoselülozik dolgular, yüzey işlemleri, 

termal ve mekanik özellikler 
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1. Introduction 

Chapter 1 

Introduction 

In this section, a general definition and classification of composite materials were 

given. Within this classification, polymer matrix composites, which were also the 

subject of this study, were discussed in detail. Polypropylene, a thermoplastic 

material, has been studied, too. Secondly, general information about lignocellulosic 

materials used as fillers in polymer composites was specified. Afterward, some of the 

methods used to increase the bonding of hydrophilic lignocellulosic fibers and 

hydrophobic polymers were summarized. 

1.1. Composites 

Composites are materials prepared by combining them in a certain order at the macro 

level in order to obtain superior properties by improving the weaknesses of different 

materials that do not have chemical interactions between them. In the 1950s, 

composite materials began to be used in the automotive industry for vehicle bodies. 

After the 1960s, composites started to become widespread as engineering materials, 

together with polymer matrix composites. Composites have shown rapid growth as 

they generally perform better when used as a substitute for steel and aluminum in 

structural applications [1]. 

Composite materials consist of matrix and reinforcing materials. In composites, there 

is a reinforcement used as a core and a matrix material forming the majority in 

volume around the reinforcement. While reinforcement provides strength properties 

such as strength and load bearing to the composite material, the purpose of the matrix 

is to delay the rupture of the composite, to keep the fibers together under load, and to 

distribute the load homogeneously among the fibers. 
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The popularity of composite materials lies in the fact that, when prepared in a well-

planned manner, they tend to exhibit the best properties of their components and 

even exhibit some new desirable properties that none of their components show. 

Some of the properties that can be improved by creating a composite material are 

strength, hardness, corrosion resistance, fatigue life, attractiveness, temperature-

dependent behavior, and thermal insulation or thermal/electrical conductivity [2]. 

1.2. Polymer Matrix Composites 

Polymer matrix composites (PMCs) are materials consisting of a polymer matrix 

combined with a reinforcing dispersed phase, also called a filler. PMCs are very 

popular due to their low cost and simple fabrication methods. The use of pure 

polymers for structural purposes is limited by the low mechanical properties of the 

polymers. PMCs offer improvements over pure polymers in properties such as tensile 

strength, hardness, corrosion resistance, temperature resistance, thermal conductivity, 

coefficient of thermal expansion, and flammability. The properties of PMCs are 

determined by factors such as the properties of the filler, the orientation of the filler 

in the polymer matrix, the concentration of the filler in the polymer matrix, and the 

properties of the polymer matrix [3]. 

1.2.1 Matrix Materials 

A polymer is a large molecule made up of repeating structural units, monomers, 

made up of carbon, hydrogen, and other non-metallic elements. The two main classes 

of polymers are thermoset and thermoplastic. Both types of polymers are used in 

composites. Thermoplastic polymers are polymers that melt when heated and 

reversibly melt and become solid when cooled. Thermoset polymers are polymers 

that solidify irreversibly when exposed to certain conditions such as heating, cooling, 

or irradiation [4].  

Polymers are widely used materials due to their ease of processing, lightness, and 

high toughness. On the other hand, polymers have lower hardness and strength 

compared to ceramics and metals. Polymers are often strengthened by incorporating 

reinforcements or fillers into the matrix to improve their mechanical, thermal, or 
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electrical properties. These reinforcements or fillers can be in the form of fibers, 

platelets, whiskers, or particles [3,5]. 

Strengthening polymers with reinforcements or fillers to obtain composites with new 

properties has been an active branch of research in recent decades. Real interest in 

polymer-based composite materials as an industrial commodity began in the 1960s. 

Since then, polymeric composites have become widely used engineering materials 

and are widely used in automotive, electronics, construction, household appliances, 

etc. It has been produced in large quantities to be used in numerous applications in 

industries. 

Two different approaches are used for the classification of polymer matrix 

composites. The first approach is based on the physical structure of the filling, such 

as whether it is fibrous or laminated. The second a.pproach is based on the type of 

matrix, which is the matrix phase of a composite. The classification of polymer 

matrices is illustrated in Table 1.1 [6,7]. 

 

Table 1.1: The classification of polymer matrices 

Polymer 

Matrix 

Petrol-based non-degradable PP, PE, PVC etc. 

Petrol-based bio-degradable PBS, PCL etc. 

Bio-based non-degradable Bio-PE, Bio-PET etc. 

Bio-based bio-degradable PLA, Bio-PBS etc. 

 

1.2.2 Filler Materials 

Additives for polymer matrix composites can be categorized as reinforcements and 

fillers. Reinforcements usually increase polymer modulus and strength. The reason 

for this increase may be that reinforcements are much stiffer and stronger than 

polymers. Therefore, they also have a significant impact on thermal expansion, 



4 

 

thermal stability, transparency, etc. The term reinforcement is mostly used for long 

or continuous fibers, while the term filler is mostly used for short fibers, flakes, and 

particulates [3,8]. Most fillers do not provide the desired performance to improve 

composite properties. It can be said that reducing the cost of composites is the most 

important advantage of fillers. The filler source can be either natural or artificial. 

Examples of natural ones obtained from nature are summarized in Table 1.2 [3]. Clay 

and talc are samples for inorganic filler, and wood fiber, leaf, seed, and stem fibers 

are samples for organic filler.  

 

Table 1.2: Chemical family classification 

Chemical family Fillers 

Organics  

Natural Cellulose fibers, wood flour and wood fibers 

Synthetic Polyamide, polyester and aramid fibers 

Carbon, graphite Carbon fibers, carbon nanotubes and graphite fibers 

Inorganics  

Oxides Glass fibers, MgO, SiO2 and Al2O3 

Salts CaCO3, CaSO4 and phosphates 

Silicates Talc, mica, wollastonite and kaolin 

Metals Boron and steel 

 

In nature, the hierarchical structure of lignocellulosic fibers, as shown in Figure 1.1 

[9], is based on their elementary components, leading to their unique strength and 

high-performance properties. A characteristic wood fiber wall contains four main 

layers, cell wall structure part, the primary wall and three layers of secondary wall; 

the outer (S1), middle (S2) and inner (S3) layers. The thickness of the layers, other 

than the S2 layer, remains relatively constant from one fiber to another. 
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Figure 1.1: Hierarchial structure of wood from macro to nano scale 

 

In this study, bing cherry tree (Prunus avium L.) pruning branches were used as filler 

material. According to the Food and Agricultural Organization data between 2014 

and 2018, it is seen that Turkey ranks first in cherry fields, followed by the United 

States, Chile, Syria, Italy, Spain, and Iran, respectively. Turkey maintains its global 

leadership by creating 20% of the total cherry field with 85 hectares and 25% of the 

total cherry production with 640 tons in 2018. Also, the number of bing cherry trees 

in Turkey is approximately 27 million, according to the Türkiye Statistical Institute 

[10]. 

The importance of pruning in cherry cultivation is high in terms of yield and plant 

health. Furthermore, pruning is necessary in order to perform other agricultural tasks 

in aquaculture and to keep the tools and equipment operational [11]. The significance 

of pruning in cherry cultivation is very considerable and mandatory in terms of yield 

and development, too. Pruning residues exposed to existing habits are usually 

destroyed by burning on-site. This both creates carbon dioxide in the atmosphere and 

leads to potential energy loss. In this study, bing cherry tree pruning branch residues 

were used as filler materials in thermoplastics. Alkali treatment and maleic 
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anhydride-grafted polypropylene coupling agents have been successfully applied for 

interface improvement between filler and matrix material. 

1.3. Biocomposites 

Biocomposites are applicable for many areas in industry, from biodegradable to 

durable. However, there are some problems that delay their adaptation to some areas, 

in conjunction with water, using at high-temperatures, and very high-strength 

applications. These limitations are in many cases linked to the fiber-polymer matrix 

interface, polymer properties, or temperature limitation of the lignocellulosic fibers. 

To achieve the optimum performance of biocomposites, an adequate degree of 

adhesion is usually required between the surface of the hydrophilic lignocellulosic 

fibers and the typically hydrophobic polymer matrix. Due to the presence of 

hydroxyl and other polar groups in various components of lignocellulosic fibers, 

moisture absorption in biocomposites tends to be high, leading to poor interfacial 

bonding between fibers and matrix polymer [12]. Temperature stress on fibers during 

processing also has an effect on the strength properties of the biocomposite and 

limits its maximum service temperatures [13]. 
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Figure 1.2: The relationship between the development of biocomposite materials and 

their uses 

 

The relationship between the development of biocomposite materials and their uses 

is shown schematically in Figure 1.2 [7]. The challenge in replacing traditional 

composites with biocomposites is to design materials that show structural-functional 

stability during both storage and use but are susceptible to microbial and 

environmental degradation [7]. The limits of biocomposites may be managed through 

their use and industrial interactions through value-added products for a variety of 

applications from energy and environmentally beneficial perspectives, thereby 

establishing effective communication that will enable the real-world use of 

biocomposite materials. 
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2. Background and Literature Survey 

Chapter 2 

Background and Literature Survey 

Controlling fiber-polymer interfaces, or interfacial interaction between fiber and 

matrix, is a critical component in the production of high-strength biocomposites. 

Stress transfer between matrix and filler is enabled by good interfacial bonding. 

Inherently hydrophilic lignocellulosic fibers are incompatible with a normally 

hydrophobic, polar polymeric substrate, resulting in poor bonding [14]. This can be 

seen in particle-filled biocomposites as poor fiber dispersion, agglomerates, and 

porosity, which results in low strength qualities, substantially impact strength 

properties, and high water absorption [15,16]. 

The interfacial adhesion between fiber and polymer matrix can be formed by 

mechanical interlocking, electrostatic bonding, chemical bonding, or inter-diffusion 

bonding. Mechanical interlocking occurs when a fiber surface is rough and increases 

interfacial shear strength but has less effect on transverse tensile strength. 

Electrostatic bonding can occur only via close interaction between fiber and other 

components in a composite and requires different electrostatic charges in fiber, 

matrix, or additives. Chemical bonding occurs when chemical groups on fiber 

surfaces react with matrix or other additives, creating bonds between fiber and 

polymer matrix. In inter-diffusion bonding, the atoms and molecules of the fiber and 

matrix interact at the interface by, for example, chain entanglement, and the strength 

is dependent on the length of the chains entangled [14,17]. 

One important factor in creating good interfaces between fiber and polymer is the 

sufficient wetting of fibers when mixed with the polymer melt. In many cases, the 

wetting is a compound of sufficient polymer melt viscosity to enable proper wetting 

of fibers and temperature in the process [17]. With polymers having high melt 

viscosity at temperatures preferred for lignocellulosic fibers, proper fiber dispersion 
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and wetting may not be sufficient. The poor fiber - matrix interaction in final 

products has an effect on durability and abrasion properties, creep performance, and 

wetting performance. To tackle this challenge, fiber and polymer modification 

methods, as well as additive systems, are being developed. The main methods are 

different physical and chemical modifications of fibers, modifications of polymers, 

and the use of coupling agents. 

Lignocellulosic fibers are compatible with chemical modification due to the presence 

of hydroxyl groups. Hydroxyl groups may be involved in hydrogen bonding within 

cellulose molecules, thus reducing their activity towards the matrix. Chemical 

modifications can activate these groups or introduce new compounds that can be 

effectively coupled with the matrix. One of the most common chemical modification 

methods in the literature is alkali treatment using sodium hydroxide (NaOH). The 

alkali treatment improves the fiber surface adhesive properties by removing natural 

and artificial impurities from the surface. As a result, the surface tension and thus the 

wettability of the lignocellulosic fibers are improved, resulting in better bonding 

between the fibers and the matrix [18]. 

Alkali treatment is defined as exposing the fibers to a highly concentrated aqueous 

solution containing a strong base so that they swell well. As a result, the structure, 

dimensions, morphology, and mechanical properties of the fiber change. NaOH is the 

most common chemical used to clean the surface of lignocellulosic fibers and 

changes the structure of natural cellulose I and cellulose III by depolymerization and 

producing short-length crystals. Basic fiber properties such as strength and 

elongation at break can be changed by selecting the appropriate treatment parameters 

[19]. 

Maleic coupling agents are commonly used in reinforcing composites containing 

fillers and fibers. Maleic anhydride is used to modify the fiber surface as it is used in 

the polymer matrix to improve the mechanical properties and interfacial bonds of 

composites. The PP chain ensures the adhesion of maleic anhydride and the 

formation of maleic anhydride-grafted polypropylene (MAPP). It provides covalent 

bonds between the MAPP copolymer and the processed cellulose fiber interface. 

Used as a coating agent for surface modification of natural fibers, MAPP 

significantly improves the mechanical properties of lignocellulosic fiber-filled 
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biocomposites such as tensile strength, modulus of elasticity, flexural strength, 

stiffness, and impact strength [20]. Through the reaction of the hydroxyl groups on 

the cellulose surface with maleic anhydride, there is a decrease in the intramolecular 

hydrogen bonds between the fibers. This results in better dispersion of the fibers 

within the matrix. 

Vijaya et al. (2022) studied the extraction and characterization of cellulose fibers 

obtained from the bark of Ziziphus nummularia. The water retting method was used 

to extract Ziziphus nummularia fibers from its bark. The extracted fibers were 

analyzed for their chemical, crystalline, thermal, mechanical, and physical properties. 

The surface characteristics of the fiber surfaces were examined using a scanning 

electron microscope and an atomic force microscope. The chemical analysis results 

showed that the cellulose content was 52%. The crystalline index was 46%, and the 

crystallite size was 2 nm. The maximum degradation temperature is 348 °C, obtained 

from thermogravimetric analysis. The researchers reported that the morphological 

properties of Ziziphus nummularia fibers had a good surface roughness that helped 

form interlocks with the polymer matrix [21]. 

Hossain et al. (2022) studied a cellulosic fiber extracted from the bark of jack tree 

branches. They reported that the chemical composition of the fiber contains 79% α-

cellulose, 8% hemicellulose, and 6% lignin. The density of the fiber is 1.05 g/cc, 

which is lower compared to many other known natural fibers. X-ray diffraction 

analysis reveals its high level of crystallinity (86%), and the microfibrillar angle 

calculated from the X-ray diffraction data is found to be 29. Thermogravimetric 

analysis and the derivative thermogravimetric analysis indicate its good thermal 

stability, and the maximum degradation occurred at 358 °C for the degradation of the 

α-cellulose  [22]. 

Madival et al. (2022) evaluated the effect of different chemical treatments (sodium 

hydroxide, acetic acid, and potassium permanganate) on the surface characteristics 

and the adhesion capabilities of Furcraea foetida fiber. It is reported that the chemical 

treatments eliminate the O-H functional groups and enhance the hydrophobic 

characteristics of the fiber. Also, the amorphous organic attachments were removed, 

and the crystallinity in the fiber was improved by chemical treatments. The 

microscopic analysis of chemically treated fiber showed the elimination of organic 
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attachments and a neat, uniform surface structure. The sodium hydroxide-treated 

fiber exhibited a maximum tensile strength of 242 MPa. Whereas the acetic acid-

treated fiber showed a maximum tensile modulus of 7 GPa and an interfacial shear 

strength of 0.06 MPa compared to treated and untreated Furcraea foetida fibers [23]. 

Atagür et al. (2020a) demonstrated whether Carpinus betulus particles can be used as 

a filler for polypropylene. About 5, 10, 15, and 20 wt% Carpinus betulus-filled 

polypropylene composites were prepared by a high-speed thermokinetic mixer. They 

reported that the melting temperature of the composites decreased with the increase 

in Carpinus betulus content. The crystallization temperature of polypropylene 

increased with the addition of Carpinus betulus into polypropylene. When 10 wt% 

Carpinus betulus filler was loaded into polypropylene, the tensile strength of 

polypropylene increased by about 29 wt%. The storage modulus of polypropylene 

was remarkably enhanced with an increasing Carpinus betulus weight fraction. 

About 5 wt.% of Carpinus betulus added into polypropylene increased the flexural 

strength of polypropylene by about 32% [24].  

Atagür et al. (2020b) investigated the reinforcing effect of Ceratonia siliqua as a 

filler for polypropylene. By filling 5% and 10% of Ceratonia siliqua into 

polypropylene, the tensile strength and flexural strength of polypropylene increased 

by about 32 and 23%, respectively. Ceratonia siliqua filling into polypropylene led to 

lower coefficients of thermal expansion, which could help prevent the thermal 

expansion [25]. 

Jiang et al. (2019) studied wood fiber-polypropylene composites with strong 

interfacial compatibility. First, they applied an alkali treatment to the wood fiber. 

Then they synthesized multi-monomer grafted copolymers of polypropylene and 

polypropylene wax. They reported that the so-synthesized polypropylene well 

compatibilized the interfaces of the alkali-treated wood fiber-polypropylene 

composites. The mechanical properties and water resistance results indicated that 

synergistically compatible alkali-treated wood fiber-polypropylene composites had 

better performance than other composites  [26]. 

Kaya et al. (2018) investigated the filling properties of olive pomace powder, an 

agricultural waste, for polypropylene matrix. They produced composites with 
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different weight fractions of olive pomace (from 10 to 40 wt.%) using a high-speed 

thermokinetic mixer. They reported that when 40 wt% olive pomace filler was 

loaded into polypropylene, Young's modulus and flexural modulus of polypropylene 

increased by about 62% and 19%, respectively, and the storage modulus and thermal 

stability of polypropylene were remarkably enhanced with increasing olive pomace 

weight fraction [27]. 

Sohn and Cha (2018) used wood chips from furniture-manufacturing byproducts in 

their study. The wood chips were used for the flouring process and the chemical 

modification of wood flour. After chemical modification, the wood flour was mixed 

with polypropylene through extrusion compounding and injection molding to prepare 

wood-plastic composite injection-molded samples. The researchers reported that the 

impact strength was improved by up to 56% and the tensile strength by up to 34%. 

As a result of chemical modification, the measured contact angle of the wood-plastic 

composite increased, which means that the wettability of the wood-plastic composite 

sample surface decreased [28]. 

Maache et al. (2017) investigated the properties of a new lignocellulosic fiber 

extracted from Juncus effusus. They reported that the study of the surface 

morphology revealed that the cross-section of the fiber bundle has a cellular shape 

similar to other fibers reported in the literature. Also, the longitudinal section of the 

fiber was characterized by the presence of rough surfaces, which should greatly 

improve the mechanical anchoring in the matrix. The X-ray diffraction analysis 

showed the semi-crystalline nature of the fiber with a crystallinity index of 33.4%. 

Thermogravimetric analysis of fiber evidenced a thermal stability up to 220 °C, 

which confirms the possibility of its use as reinforcement for polymer matrix 

composites. The mechanical properties resulting from the tensile tests performed on 

the fiber bundle, i.e., strength of 113 MPa, strain at break of 2.7%, and Young’s 

modulus of 4.4 GPa, showed that these values are globally similar to other plant 

fibers reported in the literature [29]. 

Nukala et al. (2022) developed wood-polymer composites using recycled plastic 

waste as a matrix and recycled wood waste as reinforcement or filler by melt-

blending technique. They reported that the mechanical strength of the wood-polymer 

composites was found to increase from 26.59 to 34.30 MPa with an increase in the 
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wood content in the matrix. The thermal stability was higher in the composite with a 

higher percentage of wood in the matrix. The wettability results indicated that the 

composite with a higher percentage of wood (20%) had a higher water uptake. The 

SEM micrograph indicated good interaction between recycled wood waste 

reinforcement and filler and recycled plastic waste matrix [30]. 

Atagür et al. (2020c) evaluated the performance of sandalwood as a potential filler 

material for high-density polyethylene. From DMA analysis, storage and loss moduli 

values of the high-density polyethylene composites increased with increasing the 

weight fraction of sandalwood. They reported that sandalwood incorporation into 

high-density polyethylene at weight fractions of 5% and 20% exhibited 

improvements in tensile and flexural strengths, and the reinforcement effect of 

sandalwood on high-density polyethylene is more prominent at high temperatures, 

too [31].  

Murad and Sirahbizu (2022) investigated the effect of waste wood species from the 

furniture industries on wood-plastic composites. They prepared the samples by 

varying the wood flours at 30 wt.% mixed with 70 wt.% high-density polyethylene. 

The composite from the mixture of wood species exhibited the best interfacial 

bonding between matrix and reinforcement, which resulted in the best water 

absorption property and the maximum tensile strength of the composite with a 15.5 

MPa value. They also observed that with the addition of wood, the impact strength 

was reduced compared with pure high-density polyethylene [32]. 

Kılınc et al. (2018) manufactured and characterized vine stem-reinforced high-

density polyethylene composites. They produced the samples using a twin screw 

extruder by adding different amounts of filler (5%, 10%, and 20% wt.) into high-

density polyethylene. They reported that HDPE containing 10% waste vine stem 

exhibited the highest tensile strength and flexural strength. Vine stem powder 

addition into high-density polyethylene delayed the thermal decomposition of high-

density polyethylene. Dynamic mechanical analyses showed that the storage 

modulus values of reinforced high-density polyethylene are higher than those of neat 

high-density polyethylene throughout the whole temperature scale [33]. 
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Gairola et al. (2022) studied the potential of novel lignocellulosic crop residue fibers 

(husk) extracted from finger millet and barnyard millet. They reported that chemical 

constituent analysis reveals higher cellulosic and lower lignin content in finger millet 

(38% cellulose and 16.3% lignin) than barnyard millet (cellulose, 34.5%, and lignin, 

21.3%). Thermal kinetics shows higher activation energy for barnyard millet (207.2 

kJ/mol) than finger millet (129.8 kJ/mol), as per the Flynn-Wall-Ozawa model. 

Barnyard millet-reinforced composites offer higher thermal stability and flame 

resistance than finger millet-reinforced composites, while finger millet-reinforced 

composites show higher mechanical properties than barnyard millet-reinforced 

composites [34]. 

Narlıoğlu (2022) studied to determine the effect of modified wood flour on 

thermoplastic composites. For this purpose, wood flour treated with sodium 

hydroxide at 3%, 6%, and 12% concentrations was added to polyvinyl chloride 

polymer. He reported that the tensile strength, flexural strength, and tensile modulus 

values of the composite samples containing alkali-treated wood flour were higher 

than those containing untreated ones. The highest tensile and flexural strength values 

were determined in the composite sample containing 6% sodium hydroxide-treated 

wood flour. In addition, thermogravimetric analysis results showed that alkali 

treatment caused an increase in the thermal stability of composites [35]. 

Erdogan and Huner (2018) studied the production and characterization of different 

types of lignocellulosic fillers, pinewood sawdust, walnut shell flour, and black rice 

husk powder-reinforced polypropylene composites. They also investigated the effect 

of maleic anhydride-grafted polypropylene as a coupling agent (4 wt.%) on the 

physical and mechanical properties of composites. Composite samples were prepared 

at different rates of matrix/filler weight percent by using an extrusion and hot 

compression molding process. Maximum values of tensile and flexural strength were 

obtained as 26 MPa and 43 MPa, respectively, whereas the elongation at break value 

was 4% at 10% pine wood sawdust-reinforced polypropylene. The tensile and 

flexural moduli of composites reached maximum values of 3850 MPa and 3630 MPa 

with the composite of 30% walnut shell flour-reinforced polypropylene [36]. 

Hung et al. (2017) selected four kinds of cellulose-based fibers, from Chinese fir 

(Cunninghamia lanceolata), Taiwan red pine (Pinus taiwanensis), India-charcoal 
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trema (Trema orientalis), and Makino bamboo (Phyllostachys makinoi), for their 

research. These fibers were added to high-density polyethylene to manufacture 

wood-plastic composites as reinforcements and fillers. In addition to comparing the 

differences in the physicomechanical properties of composites, the researchers 

evaluate chemical compositions and analyze thermal decomposition kinetics to 

investigate the effects of the lignocellulosic species on the properties of composites. 

They reported that the composite made with Chinese fir displayed a typical M-

shaped vertical density profile due to the high aspect ratio of its cellulose-based 

fibers, while a flat vertical density profile was observed for the composites made 

with other cellulosic fibers. Thus, the composite made with Chinese fir exhibited 

higher flexural properties and lower internal bond strength than other composites. In 

addition, the Taiwan red pine contained the lowest holocellulose content and the 

highest extractives and cellulose contents, which gave the resulting composite lower 

water absorption and flexural properties. These results indicate that the morphology, 

chemical composition, and thermal stability of the cellulose-based fibers can have a 

substantial impact on the physicomechanical properties of the resulting wood-plastic 

composites [37]. 

Nnodu et al. (2020) studied the effects of chemical modifications of pineapple leaf 

fiber, with an average particle size of 75 μm, on the mechanical and physical 

properties of fiber-filled polypropylene composites. The fiber was alkali-treated 

using sodium hydroxide and bleached using hydrogen peroxide. Maleic anhydride-

grafted polypropylene was used as a compatibilizer. Analysis of the pineapple leaf 

fiber showed that it contains 65.3% cellulose, has a density of 1.9 g/cm3, and has a 

moisture content of 6.1%. They reported that the addition of maleic anhydride-

grafted polypropylene and the use of treated pineapple leaf fibers improved the 

tensile strength of the composites. The untreated pineapple leaf fiber-prepared 

composites exhibited the least tensile strength and had higher elongation at break 

than the filled composites. The elongation at the break of the polypropylene 

composites decreased with an increase in fiber content, while the addition of maleic 

anhydride-graft-polypropylene and treated pineapple leaf fiber improved the 

elongation at the break of the composites. As a result, the study has shown that the 

use of maleic anhydride-graft-polypropylene, alkali treatment, and bleached 

pineapple leaf fibers in compounding polypropylene increased the hardness and 
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specific gravity of the resulting composites and decreased their water absorption 

properties [38]. 

Hamou et al. 2023 investigated polypropylene composites reinforced/filled with 

alkali-treated hemp fibers at different weight percents. They reported that a value of 

2.10 GPa for young’s modulus is achieved from 30 wt% of hemp fibers containing 

biocomposite, which is significantly higher than the 0.85 GPa of polypropylene 

matrix. Also, flexural modulus increased by 46%, 165%, and 232% compared to neat 

polypropylene at 10, 30, and 40 wt% fiber content, respectively. Such stiffness 

increases were followed by flexural strength increases of 52%, 78%, and 92% 

relative to neat polypropylene in the presence of 20, 30, and 40 wt% hemp fibers, 

respectively. They also studied the effects of various parameters on the thermo-

mechanical properties of the final composites, which were hybrids made of 

polypropylene reinforced with both hemp fibers and wood fiber. These hybrid 

biocomposites were prepared with weight ratio of 20% and 40% hemp fibers and 

wood fiber, and variable ratios of the two reinforcements showed a positive 

hybridization effect. Nevertheless, the modulus of the hybrid biocomposites 

reinforced by both fibers, hemp/wood fibers (20/20), is 166% greater than the 

modulus of neat polypropylene and 34% greater than the hemp/polypropylene 

composite with 40% fiber content [39]. 

Vinod et al. (2023) extracted Capsicum annum stem fibers from the agro-waste of 

Capsicum annum stem as an alternative raw material resource. The extracted fibers 

were subjected to sodium hydroxide and oxalic acid treatments to study the effect of 

chemical treatments on the physical, chemical, thermal, and mechanical properties of 

fibers. They reported that the oxalic acid treatment improved the cellulose weight 

percent by up to 30%, and the sodium hydroxide treatment decreased the diameter of 

the fibers by up to 17%. The thermal stability of oxalic acid-treated fibers was 359ºC, 

and they exhibited the highest activation energy of 49×103 Jmol 1 at the final 

degradation phase, which was 11% higher than untreated fiber. The half-life period 

of the oxalic acid-treated fibers was increased from 3.8 min 1 to 5.3 min 1 at the 

cellulose degradation phase, revealing better thermal stability when compared to the 

untreated and sodium hydroxide-treated fibers. The scanning microscopic images 
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and the surface plots revealed an enhancement in the surface roughness and 

wettability of the oxalic acid-treated fibers [40].  

Youbi et al. (2022) aimed to evaluate the influence of chemical treatment on the 

surface modification of Raphia vinifera fibers. They treated the fibers with different 

concentrations of alkali solution (1%, 5%, and 10%) for 30 min, 60 min, and 90 min, 

and silane (1% and 5%) for 30 min and 60 min. Researchers reported that the results 

reveal a modification of the chemical structure as well as the thermal degradation of 

the fibers after treatment with alkali and silane. Scaning electron microscopy 

analyses show that alkali treatment of raffia fibers induces a significant reduction 

(confidence level 90%) in fiber cross-section compared to untreated fiber, resulting 

in a change in surface roughness and the appearance of cracks. Furthermore, the use 

of silane and 1% alkali treatments significantly improves the surface energy of the 

fibers over time, while 5% and 10% alkali concentrations decrease the surface energy 

over time. Statistical analysis of the mechanical performance results reveals a 

significant increase in the Young’s modulus of the fibers with the treatment time and 

the concentration of the treated solutions [41]. 

In general, considering the previous research in literature, novel lignocellulosic fibers 

were characterized and their use as fillers in thermoplastics was investigated in this 

thesis study. Surface modification was applied to the lignocellulosic filler in order to 

strengthen the interfacial adhesion between polymer and filler and the MAPP 

coupling agent was reinforced into the PP matrix. Ultimately, the biocomposite was 

produced and characterized according to the final recipe. As a result, compared with 

PP and untreated particle-filled biocomposites, the biocomposite with improved 

thermal and mechanical properties was produced. 
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3. Motivation 

Chapter 3 

Motivation 

In this chapter, the purpose and the aim of this thesis study were explained, and 

information was given about the planned and obtained achievements within the scope 

of this research. 

Research on composite materials, which started in the second half of the 20th 

century, has continued rapidly until today. Through the properties that can be 

imparted to polymer materials, the performance properties of products made from 

other materials were first achieved and then largely surpassed. This situation has 

increased interest in the composite industry [42,43]. The low weight-to-strength 

ratio, low cost compared to other material types, and good abrasion resistance have 

been important factors in the widespread use of polymer matrix composites. The 

ability to increase various strength values by reinforcement or filling according to the 

place of use has allowed it to be used in places where metal or other materials are 

used. In addition, the ease of processing provides significant advantages to composite 

materials. Because of their low melting temperatures in terms of manufacturability, 

they can be easily shaped by heat and pressure methods, providing variety and 

convenience in product designs [44]. 

While a wide variety of reinforcement/filling materials are used in the production of 

composite materials, the use of lignocellulosic fibers instead of synthetic fibers such 

as glass fiber and aramid has been popularized. The decrease in resources in recent 

years and the increase in environmental awareness play an important role in this 

popularization. Therefore, studies on the utilization of waste materials as natural 

fiber sources in biocomposite production, thus preventing environmental pollution, 

ensuring recycling, and reducing composite production costs, have accelerated 

globally [45]. 
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Within the scope of the thesis, the preparation of filling materials from pruning 

wastes and the examination of filler-matrix interface improvement studies in order to 

bring the strength and thermal values to a reasonable level were studied. It is 

provided that the results obtained as a result of extensive studies will supply 

preliminary information that will facilitate the use of such biocomposites in future 

application areas. In general, with the study, an environmentally friendly material 

that is less harmful to nature has been obtained as a result of both reusing agricultural 

pruning wastes in biocomposite production and reducing the use of plastic as much 

as possible. 

The aim of the thesis carried out is to develop the design and industrial production 

systematic of biocomposite materials where economic, environmental, and social 

benefits are expected by evaluating agricultural pruning wastes, having a limited 

collection and recovery in the current system, together with polymers. It is aimed to 

transform the material obtained by the wastes added into the matrix in the form of 

particles into biocomposite products that can provide the expected mechanical and 

thermal properties in required utilization conditions. In addition, through this study, 

while contributing to the disposal of pruning wastes the amount of plastic usage will 

be reduced also. Since the new biocomposite materials to be produced could provide 

alternative usage areas, and new products, it is thought that the gains to be obtained 

will increase even more after these researches. With this work, it is also aimed to 

transform waste materials that have no commercial value into valuable materials for 

these rapidly developing sectors which have an important site in countrys’ industry. 

Looking at the objectives of the study in general, a study was carried out on the 

production and development of polypropylene matrix composite filled with pruning 

wastes. The use of cherry tree pruning wastes as filling materials in thermoplastics 

has not been investigated before in academia and industry. Within the scope of the 

study, firstly, the chemical and physical properties of the filling materials completed 

with the related tests and analysis. In this way, the most ideal material and particle 

size were determined and the basis of the doctoral thesis was formed. After 

determining the ideal material and particle size, limited strength values were 

achieved as a result of the poor fiber-matrix interface adhesion observed in the 

biocomposite structure. In order to include the considered particles as an alternative 
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material in applications, improvement studies were carried out on mechanical 

strength values and thermal properties. In this context, surface treatment and 

coupling agent were used to improve the filler-matrix interface adhesion. 

In summary, the objectives of this research are reducing the dependence on abroad, 

especially for thermoplastics, by reducing the use of plastic raw materials; bringing 

pruning wastes to the economy; to bring different filler materials to the sector by 

turning an important cost into value added product, to develop systematic research 

and development study for other agricultural and industrial wastes. In general, in line 

with the results of the research, it is seen as a priority target to obtain a new 

biocomposite with a pruning waste-filled polymer matrix. It might be potentially new 

and alternative material for potential areas such as automotive, construction, 

housewares, and garden landscape sectors. 

 

  



21 

 

4. Materials and Methods 

Chapter 4 

Materials and Methods 

4.1 Materials 

Polypropylene (PP) co-polymer was used in this research as a matrix material that 

has the LG M1500 commercial brand. It has a melt flow index of 16 g/10 min (230 

℃, 2.16 kg) and a density of 0.9 g/cm
3
 as physical characteristics. In addition, the 

typical mechanical and thermal properties were given in Table 4.1 [46]. 

 

Table 4.1: The typical properties of polypropylene 

Characteristics Value Unit Test Method 

Tensile Strength at Yield 25 MPa ASTM D638 

Flexural Modulus 1200 MPa ASTM D790 

Elongation at Break 300 % ASTM D638 

Izod Impact Strength (Notched, 23 ℃) 107 J/m ASTM D256 

Hardness (R-scale) 90 - ASTM D785 

Vicat Softening point (1 kgf) 150 °C ASTM D1525 

Heat Deflection Temperature (4.6 

kgf/cm
2
) 

105 °C ASTM D648 

 

Cherry tree (Prunus avium L.) pruning branches were used as a lignocellulosic fillers 

in this study. These agricultural wastes were collected from an orchard at an altitude 
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of about 1600 meters in the Taurus Mountains in the Mediterranean region of 

Türkiye. The age of the trees in the garden is in the range of 5-10 years.  

Sodium hydroxide (NaOH) used for chemical treatment was purchased from Tekkim, 

Türkiye. It has a density of 2.13 g/cm
3
 at 20 ℃ and its molar mass is 40 g/mol. 

Maleic anhydride-grafted polypropylene (MAPP), which is used as a compatibilizer 

during the production of biocomposites, was purchased from Grafen, Türkiye. Its 

melt flow index is 120 g/10 min (190 ℃, 2.16 kg), the density is 0.9 g/cm
3
 and the 

melting temperature is 162 ℃. Sodium chloride (NaClO2; 90.44 g/mol; Sigma-

Aldrich), ammonia (NH3; Merck Corp.), sodium hydroxide (NaOH, 40 g/mol; Merck 

Corp.), hydrochloric acid (HCl; Merck Corp.) and sulfuric acid solutions (H2SO4; 

Merck Corp.) were used for the analysis of the chemical content of lignocellulosic 

fibers. These chemicals were get from the laboratories of the Faculty of Engineering 

and Architecture of İzmir Kâtip Çelebi University. 

4.2 Methods 

4.2.1 Preparation of Fillers 

The wood and bark parts of the pruning waste branches were separated from each 

other. Then, they are divided into small pieces for homogeneous drying and ease of 

grinding. The materials were first dried in outdoor for a week and then oven-dried at 

80 ℃ for 24 hours before grinding. Wood and bark were grounded in a laboratory-

type grinder (Mertest LB160, Türkiye), separately. After the grinding process, 100 

micron and 250 micron sieving was performed with a sieve shaker (Retsch RS200, 

Germany). Finally, wood and bark fillers were categorized into two particle sizes: 

under 100 micron and between 100 and 250 micron. 

4.2.2 Surface Treatment and Coupling Agent Processes 

Although alkali surface treatment is one of the most common methods, the efficiency 

of the application changes according to the NaOH concentration and the treatment 

duration. For this reason, it is beneficial to optimize the appropriate treatment values 

for the material. The fillers were optimized by applying different concentration ratios 
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at a constant time. It can be seen that these concentration ratios are applied in the 

range of 1% to 40% for lignocellulosic fibers [25,47,48]. 

Within the scope of the study, alkali treatment of the filler was carried out in order to 

improve adhesion between filler and matrix. In this method, primarily NaOH 

solutions with 3%, 5%, and 10% concentration ratios were prepared. After adding 

filler, the solution was mixed an hour with magnetic stirrer. After treatment, the filler 

was washed with distilled water until the pH value was about 7 and filtered. Then, 

the treated filler materials extracted from the distilled water were dried with the help 

of an oven. Figure 4.1 shows a schematic illustration of the surface modification 

process flow (modified from Akyüz, 2020 [49]). The functional surface groups of 

treated fillers were investigated by FTIR analysis. Thus, in the NaOH application, the 

different solution concentrations at constant treatment time were investigated. 

 

 

Figure 4.1: Schematic illustration of the filler surface treatment process 

 

In order to optimize the compatibilizer ratio in the matrix material, maleic anhydride-

grafted polypropylene (MAPP) was added at the rates of 1%, 3% and 6% by weight 

into the neat PP and samples were produced by the laboratory type thermokinetic 
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mixer. These samples were subjected to tensile and three-point bending tests to 

determine the optimum MAPP ratio. 

4.2.3 Manufacturing of Biocomposites 

A high-speed thermokinetic mixer and a hydraulic press (Gülnar Machine, Türkiye) 

were used to produce biocomposites. The high-speed thermokinetic mixer is 

generally used to prepare composites for thermoplastics with low melting 

temperatures (PP, HDPE, LDPE etc.). It is widely used in pre-tests in the plastics 

industry and academia because it provides simple and rapid productions [25,47,48]. 

The most important advantage of the mixer is that it allows the production of 

composite materials in a short time. This type of mixer operates at a high speed to 

create friction with the polymers. In the mixer, which rotates at 2000 rpm, the 

materials can reach a temperature of about 190 ℃. The power of the motor is 

transferred directly to the material with the help of blades. The added filling 

materials and the polymer are thoroughly mixed in the chamber. The resulting 

polymer-based pastes are molded in a temperature and time-controlled hot-cold 

hydraulic press to enable the preparation of samples for various tests.  All composite 

plates were cut for mechanical tests and dynamical mechanical analysis according to 

the related test standards. A schematic representation of all this production flow is 

given in Figure 4.2 (modified from Akyüz, 2020 [49]). 
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Figure 4.2: Schematic illustration of the biocomposite manufacturing process 

 

The nomenclature of all fillers, matrix materials, and biocomposites prepared and 

used in this study are presented in the Table 4.2. 

 

Table 4.2: Nomenclature of materials 

Abbreviation Sample 

Wood Wood particles without particle size categorization 

Bark Bark particles without particle size categorization 

UTW Untreated wood with <100µ particle size 

UTW2 Untreated wood with 100 – 250µ particle size 

UTB Untreated bark with <100µ particle size 

UTB2 Untreated bark with 100 – 250µ particle size 

3ATW 3% alkali treated wood filler (<100µ) 

5ATW 5% alkali treated wood filler (<100µ) 

10ATW 10% alkali treated wood filler (<100µ) 

PP Neat polypropylene 

5UTW 5 wt. % untreated wood (<100µ) filled polypropylene 

10UTW 10 wt. % untreated wood (<100µ) filled polypropylene 



26 

 

15UTW 15 wt. % untreated wood (<100µ) filled polypropylene 

20UTW 20 wt. % untreated wood (<100µ) filled polypropylene 

5UTW2 5 wt. % untreated wood (100 – 250µ) filled polypropylene 

10UTW2 10 wt. % untreated wood (100 – 250µ) filled polypropylene 

15UTW2 15 wt. % untreated wood (100 – 250µ) filled polypropylene 

20UTW2 20 wt. % untreated wood (100 – 250µ) filled polypropylene 

5UTB 5 wt. % untreated bark (<100µ) filled polypropylene 

10UTB 10 wt. % untreated bark (<100µ) filled polypropylene 

15UTB 10 wt. % untreated bark (<100µ) filled polypropylene 

20UTB 10 wt. % untreated bark (<100µ) filled polypropylene 

5UTB2 5 wt. % untreated bark (100 – 250µ) filled polypropylene 

10UTB2 5 wt. % untreated bark (100 – 250µ) filled polypropylene 

15UTB2 5 wt. % untreated bark (100 – 250µ) filled polypropylene 

20UTB2 5 wt. % untreated bark (100 – 250µ) filled polypropylene 

1MAPP 1 wt. % maleic anhydride-grafted polypropylene added 

polypropylene 

3MAPP 3 wt. % maleic anhydride-grafted polypropylene added 

polypropylene 

6MAPP 6 wt. % maleic anhydride-grafted polypropylene added 

polypropylene 

5AT10W 5% alkali-treated, 10 wt. % wood particle (<100µ) filled 

polypropylene 

5AT10W-

3MAPP 

5% alkali-treated, 10 wt. % wood particle (<100µ) and 3 wt. % 

maleic anhydride-grafted polypropylene filled polypropylene 

 

4.3 Characterization of Fillers and Biocomposites 

In this thesis study, a series of test and analysis techniques are employed to 

characterize the untreated fillers, treated fillers, biocomposites and other related 

materials. These techniques are explained in detail. 
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4.3.1 Untreated and Treated Fillers 

In this section, the tests and analyses performed for the characterization of untreated 

and treated fillers are described. The completed tests and analyses for these fillers are 

summarized in Table 4.3. 

4.3.1.1 Determination of Chemical Composition 

Wise's chloride method [50] was used to determine the chemical composition of the 

fiber including cellulose, hemicellulose, lignin, and extractive contents.  The 

chemical content of lignocellulosic fibers was determinated in three steps; extraction 

process, determination of holocellulose, and alpha-cellulose, respectively. 

 

Table 4.3: Completed analysis and tests for untreated and treated fillers 

Sample / Test & 

Analysis 

Chemical 

Content 
Density XRD TGA FTIR PSD SEM 

Wood + + + + +   

Bark + + + + +   

UTW      + + 

UTB      + + 

UTW2      + + 

UTB2      + + 

3ATW     +   

5ATW   + + + + + 

10ATW     +   

 

First, in order to remove the extractive substances in the lignocellulosic fibers, the 

fibers were extracted for 6 hours in a soxlet with a solvent containing a 

toluene/acetone/ethanol mixture at a ratio of 4/1/1 by volume. 
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Second, chloride method was applied to determine the holocellulose amounts of 

lignocellulosic fibers. This process is as follows; 2.5 grams of fiber, which was 

extracted, was taken into a 250 ml flask. Then, 80 ml of distilled water, 1 gram of 

Sodium chlorite (NaClO2) and 0.5 ml of acetic acid (CH3COOOH) were added into 

the flask and put into a water bath at 70-80°C. NaClO2 and CH3COOOH in 6 

portions were added to the flask at 1 hour intervals and the system was stirred 

occasionally. After the process, the hot mixture was left to cool. Then, filtration with 

distilled water and acetone was applied on the crucible, which had been weighed 

completely dry before. After filtration, the sample was dried at a temperature of 

103±2°C until it reached a constant weight, and the percentage of holocellulose was 

determined. 

Third, TAPPI-T203 standards were applied to determine the alpha-cellulose amounts 

of lignocellulosic fibers prepared within the scope of the study. 2 grams of dry 

samples were taken from the samples obtained after the holocellulose determination. 

Afterward these samples were transferred into a 200 ml beaker and 10 ml of 17.5% 

sodium hydroxide (NaOH) was added to it, and they were mixed with a glass 

baguette and waited for 5 minutes. Next, 15 ml of NaOH solution was continued to 

be added to the samples in portions. After this process, 33 ml of distilled water was 

added to the samples and left for an hour. Then, the mixture was filtered and the 

washing process was terminated by pouring 100 ml of 8.3% NaOH solution, 10% 

CH3COOOH, and 250 ml of distilled water. The filtrate after washing was kept in the 

oven at a temperature of 103±2°C until it reached a constant weight. Then, the 

weights of the samples were taken and the alpha-cellulose ratio was determined. 

4.3.1.2 Density Measurement 

Actual density measurements of fillers were performed using a helium pycnometer 

(Micromeritics AccuPyc II 1340). The helium pycnometer uses Archimedes' fluid 

overflow principle and Boyle's Law to determine the true volume and true density in 

powder and solid materials based on the gas displacement method. 



29 

 

4.3.1.3 Fourier Transformed Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) is an analysis method used for 

identifying the chemical bonds or functional groups existing in a material. Middle 

range infrared spectrum (400 – 4000 cm-1) is generally used for the characterization 

of samples. The absorption and transmission of infrared lights on the molecular level 

make it possible to obtain information about the chemical composition of unknown 

materials [51]. In this work, potassium bromide (KBr)/sample pellets were obtained 

after mixing the samples with KBr in agate mortar. FTIR analyzes of the samples 

were performed using the Thermo Scientific Nicolet iS50 spectrophotometer. IR 

spectra were obtained by making 25 scans at a resolution of 2 cm-1 in the range of 

400-4000 cm-1. 

4.3.1.4 X-Ray Diffraction (XRD) Analysis 

XRD analyzes of the fillers were carried out with a Panalytical Empyrean 

Diffractometer with LynxEye detector in 2θ scanning mode (45 kV and 40 mA) with 

CuKα radiation to determine the characteristic peaks. The scanning detector 

collected data between 2θ=5° and 80°. 

4.3.1.5 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis is a technique used to measure materials' resistance to 

heat. In this technique, a sample is continuously weighed as its temperature is 

increased with a constant heating rate. The analysis can be performed under a 

nitrogen (inert) or air atmosphere. As the temperature of the sample increases, the 

sample starts to degrade or evaporate, which results in a decrease in the initial weight 

of the sample. 

TGA analyzes were performed on the STA analyzer (TA Instruments, SDT Q600) to 

determine the thermal degradation temperatures. These analyzes were performed by 

heating the samples from 30°C to 600°C in a nitrogen gas atmosphere at a heating 

rate of 10°C/min. 
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4.3.1.6 Particle Size Distribution (PSD) Analysis 

Malvern Mastersizer 3000 particle size analyzer was used to determine the average 

size of particles. Dry dispersion method was used to disperse the particles. The 

analysis process is based on the determination of particle sizes by looking at the 

scattering angle and intensity of the light obtained as a result of the reflection and 

refraction of the laser light sent to the sample from the particles. 

4.3.1.7 Scanning Electron Microscopy (SEM) Observation 

SEM is a microscopic analysis technique, which is widely used in the 

characterization of materials' surface morphology. In this technique, an electron 

beam sent from an electron gun scans the surface of the sample. The interaction of 

the electron beam with the surface atoms of the sample produces signals that are 

detected by a detector. The variations in the intensity of signals are processed and 

transformed into visible images. The surface of the sample should be electrically 

conductive. If the sample is electrically isolating, it should be made conductive by 

coating it with an electrically conductive material such as carbon or gold. 

The morphological properties of the wood and bark particles were examined with a 

scanning electron microscope (SEM) (Carl Zeiss 300VP). Before SEM observation, 

the surfaces of the samples were homogeneously coated with gold with a plasma 

coating device (Quorum Q150 Res). 

4.3.2 Biocomposites 

In this section, detailed information about the tests and analyses performed on 

manufactured biocomposites and other related materials is explained. The completed 

tests and analyses for these materials are summarized in Table 4.4. 

4.3.2.1 Fourier Transformed Infrared Spectroscopy (FTIR) 

In this work, potassium bromide (KBr)/sample pellets were obtained after mixing the 

samples with KBr in agate mortar. FTIR analyzes of the samples were performed 

using the Thermo Scientific Nicolet iS50 spectrophotometer. IR spectra were 
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obtained by making 25 scans at a resolution of 2 cm-1 in the range of 400-4000 cm-

1. 

4.3.2.2 Thermogravimetric Analysis (TGA) 

TGA analyzes were performed on the STA analyzer (TA Instruments, SDT Q600) to 

determine the thermal degradation temperatures of the PP and its composites. These 

analyzes were carried out by heating the samples from 30 °C to 600 °C in a nitrogen 

gas atmosphere at a heating rate of 10 °C/min. 

4.3.2.3 Differential Scanning Calorimetry (DSC) Analysis 

In differential scanning calorimetry (DSC) analysis, the sample is placed inside a 

miniature pan, with another empty pan –reference pan- next to it. Both pans are 

heated by applying thermal energy. The heat is conveyed to the pans in a manner that 

the temperature of both pans increases at the same rate. The difference between the 

rate of heat transferred to the sample pan and the empty pan is recorded with respect 

to temperature. The difference in the heat flow is basically the energy absorbed by 

the sample to increase its own temperature. When the sample undergoes physical 

changes such as melting, crystallization, or glass transition, the plot starts to disorder 

from its 

 

Table 4.4: Completed analysis and tests for PP and its biocomposites 

Sample / Test & 

Analysis 
Tensile Flexural DMA FTIR TGA DSC SEM 

PP 
+ + + + + + + 

5UTW 
+ + +     

10UTW 
+ + + + + + + 

15UTW 
+ + +     

20UTW 
+ + +     

5UTW2 
+ + +     

10UTW2 
+ + +     
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15UTW2 
+ + +     

20UTW2 
+ + +     

5UTB 
+ +      

10UTB 
+ +      

15UTB 
+ +      

20UTB 
+ +      

5UTB2 
+ +      

10UTB2 
+ +      

15UTB2 
+ +      

20UTB2 
+ +      

1MAPP 
+ +      

3MAPP 
+ +      

6MAPP 
+ +      

5AT10W 
+ + + + + + + 

5AT10W-3MAPP 
+ + + + + + + 

 

normal trend since more or less heat is needed for the sample to undergo physical 

changes. In addition, the heat capacity and transition enthalpies of the analyzed 

sample can be easily determined from this plot [52]. 

DSC analyzer (TA Instruments, DSC Q2000) was used in nitrogen gas atmosphere to 

determine thermal properties of composites such as melting temperature, 

crystallization temperature, melting enthalpy, and crystallization enthalpy. To erase 

the thermal history of the samples, the samples were heated from 20 °C to 200 °C at 

a heating rate of 10 °C/min and held at this temperature for 3 minutes. The samples 

were then cooled to 20 °C at a cooling rate of 10 °C/min and heated again from 20 

°C to 200 °C at a heating rate of 10 °C/min. 
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4.3.2.4 Dynamic Mechanical Analysis (DMA) 

In the dynamic mechanical analysis (DMA), the storage modulus is the variable used 

to calculate the stored energy, which represents the elastic region of the plastics and 

the loss modulus is the measure of the heat energy loss along the viscous region of 

the plastics. Storage and loss modules of PP and its composites were determined by 

Dynamic mechanical analyzer (DMA Q800, TA instruments). Analyzes were 

performed with a single cantilever clamp at a temperature range of 40-140°C and 

heating rate of 3°C/min. 

4.3.2.5 Tensile Test 

A universal testing machine (Shimadzu AG-IC, Japan) with a 5 kN load cell was 

used to determine the mechanical properties of the PP and its composites. Tensile 

tests were carried out according to ASTM D638 standard. Crosshead speed is 50 

mm/minute. As a result of tensile tests, the tensile modulus and tensile strength of the 

samples were determined. The tests were repeated at least five times for each 

samples. The mean and standard deviations of the values obtained as a result of the 

tests were calculated with precision. 

4.3.2.6 Flexural Test 

The universal testing machine (Shimadzu AG-IC, Japan) with a 5 kN load cell was 

used to determine the flexural properties of the PP and its composites. Flexural tests 

were carried out according to ASTM D790 standard. Crosshead speed is 1 

mm/minute. As a result of this test, the flexural modulus and flexural strength values 

of the samples were determined. The tests were repeated at least three times for each 

samples. The mean and standard deviations of the values obtained as a result of the 

tests were calculated with precision. 

4.3.2.7 Scanning Electron Microscopy (SEM) Observation 

The morphological properties of the fracture surfaces of the samples obtained as a 

result of the tensile tests were observed with a scanning electron microscope (SEM) 
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(Carl Zeiss 300VP). Before SEM observation, the surfaces of the samples were 

homogeneously coated with gold with a plasma coating device (Quorum Q150 Res). 
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5. Results and Discussions 

Chapter 5 

Results and Discussions 

This chapter consist of five main parts. First, the results of the characterization 

studies of untreated fillers were examined. In the second part, characterization results 

of biocomposites produced with untreated fillers were presented. In the third and 

fourth parts, the results of the optimization study of alkali treatment and MAPP 

compatibilizer were given, respectively. In the fifth part, the test and analysis results 

of the ultimate biocomposite materials were observed and interpreted in comparison 

with the literature. 

5.1 Untreated Fillers 

The possibility of using cherry tree pruning branches as a filler in thermoplastics was 

investigated in order to convert the agricultural wastes into added value bio-based 

products and to reduce the use of plastic. In the first stage of the study, the wood and 

bark parts of branches were separated from each other, and these parts were grinded 

and sieved into two different particle sizes, under 100 microns and 100 - 250 

microns. Then, the characterization studies were completed as follows: the 

determination of chemical composition, density measurements, particle size 

distributions (PSD), Fourier transform infrared spectroscopy (FTIR) analysis, X-Ray 

diffraction (XRD) analysis, thermogravimetric analysis (TGA), and scanning 

electron microscopy (SEM) observation, respectively. 

5.1.1 Chemical Composition 

The chemical content of wood could not be defined precisely for a tree because the 

chemical content varies with stem, branch, or root type (i.e., normal, tension, or 
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compression), geographic location, climate, and soil conditions. There are two major 

chemical components in wood; carbohydrate (65 - 75%) and lignin (18 - 35%) [53]. 

Minor amounts of external materials, mostly in the form of organic extractives and 

inorganic minerals, are also present in wood (usually 4 - 10%). Overall, wood has an 

elemental composition of about 50% carbon, 6% hydrogen, 44% oxygen, and trace 

amounts of several metal ions [53]. Reaction wood is seen on the stem and branch of 

the tree, grown on one side wind effect or on sloping land. These woods differ from 

normal wood in both chemical composition and physical properties. The cellulose 

ratio of the reaction wood group is higher than other species and stem woods [54]. 

The cherry orchard where the pruning branches were obtained is located on the 

slopes of the Taurus Mountains at an altitude of 1600 in the Mediterranean Region. 

Therefore, the tree branches used in this study are in the reaction wood group. Wise's 

Cloride Method [50] was applied to determine the chemical composition of the wood 

and bark particles of the cherry tree branches. 

 

Table 5.1: Chemical contents of wood and bark (wt. %) 

Material/Content (%) Cellulose Hemicellulose Lignin Extractives 

Wood 70.65 ±1.35 17.47 ±0.22 7.27 ±1.15 4.61 ±0.55 

Bark 63.85 ±0.78 22.28 ±0.48 9.46 ±0.36 4.42 ± 0.81 

 

The chemical composition analysis results were summarized in Table 5.1. When the 

wood and bark particles were compared, the cellulose content of the wood was 10% 

higher, and the hemicellulose and lignin contents were 27% and 30% lower than the 

bark, respectively. Extractive substances were found as 4.31 wt. % and 4.42 wt. % 

for wood and bark, respectively. It has been also reported, compared to the typical 

chemical composition of wood, bark has lower cellulose content and higher lignin 

content [55]. Also, it has higher inorganic content, mainly due to the presence of 

silicon oxide (SiO2). 
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5.1.2 Density 

Density is one of the most crucial property affecting the quality of lignocellulosic 

filler and composites [56]. It is related to other physical properties of the filler such 

as strength and stiffness [57]. It has been reported that density is one of the best 

predictors to predict the mechanical properties of wood fiber [58]. For several 

softwood tree species, research has demonstrated that the density of the branches is 

higher than the density of the stem wood, but studies on hardwoods are uncommon 

[59]. 

Density measurement values of wood and bark particles are given in Table 5.2. The 

density of the wood was 1.4551 ± 0.0024 g/cm
3
, while the density of the bark was 

1.4013 ± 0.0037 g/cm
3
. The density of the wood was approximately 4% higher than 

the bark. The environmental impact on bark density can be important because bark 

structure and chemistry can be changed significantly in response to environmental 

changes [60]. The environmental effects can result into density differences between 

bark and wood. 

 

Table 5.2: Density of wood and bark 

Material/Content Density (g/cm
3
) 

Wood 1,4551 ± 0,0024 

Bark 1,4013 ± 0,0037 

 

Though the density of the wood particles is about 1.35–1.55 g/cm
3
 [61,62], the 

porous anatomy of solid wood densities is about 0.32–0.72 g/cm
3
 [63]. This 

difference is due to the compressibility of wood filler [3]. 

5.1.3 Fourier Transformed Infrared Spectroscopy (FTIR) 

FTIR and the functional groups of the wood and bark particles were presented in 

Figure 5.1 and Table 5.3. The first wide peak was observed in the ranges 3338 cm 1 
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and 3335 cm 1 for wood and bark, respectively. This was attributed to the presence 

of Cellulose Iβ due to the stretching and vibration of O-H groups [64,65]. The next 

two peaks were found at 2884 cm 1 and 2918 cm 1 for the wood and bark. These 

peaks represented the existence of cellulose and hemicellulose, attributed to the 

stretching and vibration of C-H from CH and CH2 [66,67].  
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Figure 5.1: FTIR results for wood and bark 

 

The next following transmittance peak found rougly at 1734 cm 1 represented the 

presence of hemicellulose due to the bending vibrations of C=O. The next peaks at 

1505 and 1513 cm 1, was due to the bending and vibrations of C=C, and it confirmed 

the existence of lignin and hemicellulose [68,69]. Next subsequent transmittance 

peaks which were detected around at 1371 cm 1 was due to the vibrations in CH and 

it was attributed to the presence of cellulose and lignin [70]. The transmittance peaks 

were observed at 1232 cm 1 and 1031 cm 1, which were attributed to the bending 
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vibrations of C-O, caused by the presence of acetyl groups in lignin and 

hemicellulose structures [71,72]. 

 

Table 5.3: FTIR peaks and bond types for wood and bark 

Bond Type 
Wavenumber (cm

-1
) 

Wood Bark 

O-H stretching and hydrogen bonds 3344 3332 

C-H stretching of hemicellulose 2891 2918 

C=O stretching of acetyl or carboxylic acid 1730 1735 

Absorbed H2O 1593 1610 

C=C stretching of aromatic ring of lignin 1505 1513 

CH bending 1373 1368 

C–O–C asymmetric stretching 1156 1155 

C–O stretching vibration of acetyl group in 

hemicellulose 
1232 1239 

Cyclic alcohol groups 1030 1024 

 

5.1.4 X-Ray Diffraction (XRD) Analysis 

The X-ray diffractograms and the analytical data of the wood and bark particles are 

presented in Figure 5.2 (a-b). From the diffractograms of the particles, the distinctive 

intensity peaks that were observed at 2θ in the 21.9º for wood and 21.4º for bark 

were indicative of the presence of cellulose-1β [73,74].  

When compared to the wood, the peaks in the bark are more distinct and noticeable 

between 30 and 50 degrees as seen in Figure 5 (b). These peaks indicate the presence 

of inorganic whewellite (Calcium Oxalate) minerals. It can be said that the bark is 

affected by environmental effects much more than wood because of the direct 

contact with the external environment like wind and soil. This is also supported by 
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the fact that no calcium oxalate was detected in the wood.Another factor for this may 

be the use of pesticides for various reasons [75,76]. 
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Figure 5.2: XRD results; a) wood and b) bark 
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5.1.5 Thermogravimetric Analysis (TGA) 

The thermogravimetric and % derivative curves along with weight loss percent at 

each degradation phase of wood and bark were presented in Figure 5.3 (a – b). The 

onset temperature (Tonset), maximum degradation temperature (Tmax) and degraded 

weight (DW) values are shown in Table 5.4. The onset temperatures were observed 

at 202.7 ºC and 161.1 ºC for wood and bark, respectively. This is due to the 

degradation of moisture content and some wax present in the lignocellulosic filler 

[77]. Also, this may due to the existence of fewer structurally integrated water 

molecules and a lower percent of hemicellulose as confirmed in chemical 

composition analysis result (Table 5.1). 

 

Table 5.4: TGA results for wood and bark 

Material 
Tonset 

(℃) 

Tmax 

(℃) 

DW (wt. 

%) 

Wood 202.7 357.3 18.4 

Bark 161.1 355.4 18.1 

 

The maximum degradation occurred at the temperature range of 357ºC to 355ºC for 

wood and bark, and this was attributed to the thermal degradation of cellulose 

[78,79]. This phenomenon represents that the cellulose content plays a significant 

role in influencing the thermal stability of the lignocellulosic fillers. Wood and bark 

exhibited a weight loss of 40% and 50.7%, respectively, at the maximum degradation 

temperature. These degradation ranges were similar to the degradation temperatures 

of other lignocellulosic fibers reported in literature [25,43,80]. 
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Figure 5.3: TGA results; a) wood and b) bark 
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As inferred from the thermogravimetry and the % derivative curves in Figures 5.4 

and Figure 5.5, the wood revealed the slightly high thermal stability of 357.3 ℃ 

which was 0.5% higher than the bark (355.4 ℃). The cellulose was more thermally 

stable when compared to the hemicellulose and other amorphous constituents. It is 

possible to say that wood has greater thermal stability than bark because it has a 

lower amount of amorphous components. The thermal stability of the lignocellulosic 

fibers can be further confirmed by the presence of char residue at the final 

degradation temperature [81]. At the highest temperature of 600 ℃, the char residue 

of wood and bark fillers was found at 18.4% and 18.2%, respectively. This residue is 

mostly made up of carbonaceous elements that cannot be reduced further into smaller 

volatile pieces and will stay until the process is completed. It might also be attributed 

to the presence of inorganic material that produces chars and could serve as the basis 

for quantitative measurement [29,82]. 

5.1.6 Particle Size Distribution (PSD) Analysis 

Particle size distribution (PSD) analysis is important for the determination of the size 

distribution of the fillers before the manufacturing of biocomposites. The PSD 

analysis results and distribution graphs for the lignocellulosic fillers are given in 

Table 5.5 and Figure 5.4 (a - d). D50 is the value that gives the size of 50% of the 

particle size. 

 

Table 5.5: Particle size distribution results 

Material/D D10 D50 D90 

UTW 13,1 57,7 161 

UTW2 127 271 555 

UTB 9,8 40,8 128 

UTB2 91,5 216 382 
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For wood and bark particle sizes, under 100 microns, the D50 values are 57 and 40, 

respectively, while the D50 values are 271 and 216 for particle sizes of 100-250 

microns. The effect of particle size on the mechanical properties of PP-based 

biocomposites was investigated in Section 5.2. 
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Figure 5.4: Particle size distributions; a) UTW, b) UTW2, c) UTB, and d) UTB2 

 

5.1.7 Scanning Electron Microscopy (SEM) Observation 

The morphological characteristics of the UTW, UTW2, UTB, and UTB2 were 

presented in Figure 5.5 (a - d). From the SEM images, it was observed that there was 

the presence of impurities like wax, and other non-polar materials that were 
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responsible for restraining the wettability [83]. There were voids and microcracks 

over the particle surface, which would decrease the performance of the 

biocomposites when used as filler or reinforcements [70]. SEM analysis represented 

that the both wood and bark particles have irregular shapes and sizes. The sharp 

corner points of these irregularly shaped particles may cause stress concentration 

areas in the polymer matrix [25]. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5.5: SEM images of the particles; a) UTW, b) UTW2, c) UTB, and d) UTB2 
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5.2 Biocomposites Filled with Untreated Fillers 

Tensile tests, flexural tests and dynamic mechanical analyzes were performed to 

observe the mechanical properties and viscoelastic behaviors of biocomposites. 

Tensile strength, tensile modulus, flexural strength, and flexural modulus were 

determined by tensile and flexural tests, and storage and loss moduli were found by 

dynamic mechanical analyzes and presented comparatively. 

5.2.1 Tensile Test 

Tensile strength and tensile modulus values of PP and its biocomposites were given 

in Table 5.5. For all samples, tensile strength and tensile modulus results, compared 

with PP, were illustrated in detail in Figure 5.6 (a-c) and in Figure 5.7 (a-c), 

respectively. 

 

Table 5.5: Summary of the tensile test results 

Sample 
Tensile Strength 

(MPa) 

Tensile Modulus 

(MPa) 

PP 22.2 ± 0.1 704.4 ± 16.2 

5UTW 21.9 ± 0.4 1047.8 ± 17.8 

10UTW 21.2 ± 0.5 1148.6 ± 6.6 

15UTW 20.6 ± 0.3 1195.3 ± 15.9 

20UTW 20.4 ± 0.1 1230.2 ± 14.7 

5UTW2 20.8 ± 0.6 813.7 ± 65.7 

10UTW2 19.9 ± 0.8 942.5 ± 59.2 

15UTW2 19.7 ± 0.8 1007.3 ± 63.9 

20UTW2 19.1 ± 0.5 1058 ± 59.4 

5UTB 21.7 ± 0.4 971 ±  48.6 

10UTB 20.2 ± 0.4 1052.4 ± 33.7 

15UTB 19.5 ± 0.6 1065.6 ± 55.4 
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20UTB 17.5 ± 0.5 955.8 ± 57.3 

5UTB2 21.5± 0.5 944.5 ± 28 

10UTB2 20.1 ± 0.5 950.4 ± 3.3 

15UTB2 18.4 ± 0.4 942.9 ± 14.8 

20UTB2 16.2 ± 0.3 910.3 ± 12.3 
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Figure 5.6: (a –c) Tensile strength graphs 

 

As shown in Figure 5.6 (a-c), the tensile strength of PP begins to decrease with the 

addition of particles into PP.  It was determined that the tensile strength of PP 

decreased from 22.2 MPa to 16.2 MPa (20UTB2) after adding 20% particle into the 

PP.  

Related to the tensile strength of the biocomposites; it can be said that the wood and 

bark particles are not sufficiently wetted by the PP matrix, the fillers are not 

homogeneously dispersed in the matrix, and the interfacial adhesion between fillers 

and the PP is reduced. In addition, the decrease in tensile strength can be associated 

with particle weight ratio and an increase in interfacial surface area [84]. Since the 

fillers are very small, the interfacial area between the polar lignocellulosic particles 

and the non-polar PP matrix rises with the increase of the filler ratio in the PP, which 

may cause the interfacial bond to aggravate [25,85]. 

The changes in the tensile modulus of PP and its biocomposites are shown in the 

Figure 5.7 (a-c). The tensile modulus of PP is found 704 MPa where the tensile 

modulus was increased with the addition of 5% filler into the PP. The increment in 

the tensile modulus of PP continued regularly up to 20% weight ratio. Among all the 

biocomposites, the highest tensile modulus was determined for the 20UTW sample 

with a value of 1230 MPa, which means the tensile modulus was increased by 75% 

compared to the PP. This increase could be attributed to the fact that the tensile 
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modulus of lignocellulosic fillers is substantially higher than that of the polymer 

matrix [86]. 
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Figure 5.7: (a –c) Tensile modulus graphs 

5.2.2 Flexural Test 

Flexural strength and flexural modulus values of PP and its biocomposites were 

summarized in Table 5.6. For all samples, flexural strength and flexural modulus 

results, compared with PP, were illustrated in detail in Figure 5.8 (a-c) and in Figure 

5.9 (a-c), respectively. 

 

Table 5.6: Summary of the flexural test results 

Sample 
Flexural Strength 

(MPa) 

Flexural Modulus 

(MPa) 

PP 38.3 ± 2.7 1170.3 ± 164.2 

5UTW 34.5 ± 1.2 1310.7 ± 79 

10UTW 33.8 ± 2.2 1333.7 ± 67.8 

15UTW 33.7 ± 1.8 1333.3 ± 172.9 

20UTW 31.4 ± 0.3 1412.5 ± 24.3 

5UTW2 34.5 ± 1.6 1181.6 ± 37.4 

10UTW2 33.7 ± 1.2 1320.8 ± 99.5 

15UTW2 32.6 ± 1.8 1335.2 ± 92.1 
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20UTW2 31.1 ± 1.8 1449.8 ± 72.3 

5UTB 28.4 ± 1 945.2 ± 58.9 

10UTB 26 ± 0.4 960.1 ± 24.2 

15UTB 26.5 ± 1.2 1014.7 ± 35.1 

20UTB 25.1 ± 1.7 1109.5 ± 22.7 

5UTB2 28.9 ± 1.6 855.5 ± 58 

10UTB2 27.5 ± 1.5 976.7 ± 28.7 

15UTB2 25.8 ± 1.7 998.9 ± 3.7 

20UTB2 24.2 ± 0.5 1065.9 ± 27.3 

 

0% 5% 10% 15% 20%
0

6

12

18

24

30

36

42

F
le

x
u

ra
l 

S
tr

en
g

th
 (

M
P

a)

          PP

 UTW

 UTW2

 

(a) 

0% 5% 10% 15% 20%
0

6

12

18

24

30

36

42

F
le

x
u
ra

l 
S

tr
en

g
th

 (
M

P
a)

          PP

 UTB

 UTB2

 



53 

 

(b) 

0% 5% 10% 15% 20%
0

6

12

18

24

30

36

42

Weight ratio (%)

F
le

x
u

ra
l 

S
tr

en
g

th
 (

M
P

a)

          PP

 UTW

 UTB

 

(c) 

Figure 5.8: (a-c) Flexural strength graphs 

 

As seen in Figures 5.8 (a-c), the flexural strength of PP is higher than all 

biocomposites with a value of 38.3 MPa. It has been observed that the flexural 

strength of PP begins to decrease when 5% filler is added to the PP. As the ratio of 

fillers in the matrix increased, the overall decrease in flexural strength continued. 

Among all biocomposites, the lowest flexural strength was found in the 20UTB2 

sample with 24.2 MPa, decreasing by 30.5% compared to PP. The reasons for this 

reduction with the increasing filling rate can be listed as follows: Inadequate wetting 

of the particles and the matrix, poor dispersion of particles in the matrix, poor 

interfacial adhesion between the particles and the matrix, and the presence of 

agglomerations can be considered as the reasons for the decrease in flexural strength 

[24,27,86,87]. Furthermore, poor interfacial bonding can cause micro gaps between 

the lignocellulosic fillers and the matrix, which inhibit stress propagation when force 

is loaded. Thereby, these micro-voids may act as stress concentration points to 

initiate cracks during loading [88]. This leads to stress concentration in the 

filler/matrix boundary region, resulting in the weakness of the filler/matrix interface. 

In addition, the filler materials effectively inhibits chain movement during 

deformation [83].  
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The changes in the flexural modulus of PP and its biocomposites are shown in the 

Figure 5.9 (a-c). The flexural modulus of PP is found 1170 MPa where the modulus 

was increased with the addition of 5% filler into the PP. The increment in the 

flexural modulus of PP-based biocomposites continued regularly up to 20% weight 

ratio of UTW and UTW2. Among all the biocomposites, the highest flexural 

modulus was determined for the 20UTW2 sample with a value of 1450 MPa, which 

means the flexural modulus was increased by 34% compared to the PP. The reason 

for this increase is the fact that the wood particles are more rigid than the PP. It is 

reported that the modulus of the lignocellulosic particles is much higher than that of 

the polymer matrix [86]. Although, it is an expected result that the flexural modulus 

increases with the incorporation of relatively rigid materials into thermoplastics [25]. 

 

 

0% 5% 10% 15% 20%
0

200

400

600

800

1000

1200

1400

1600

Weight ratio of fillers (%)

F
le

x
u
ra

l 
M

o
d
u
lu

s 
(M

P
a)

          PP

 UTW

 UTW2

 

(a) 



55 

 

0% 5% 10% 15% 20%
0

225

450

675

900

1125

1350

Weight ratio of fillers (%)

F
le

x
u
ra

l 
M

o
d
u
lu

s 
(M

P
a)

          PP

 UTB

 UTB2

 

(b) 

0% 5% 10% 15% 20%

0

250

500

750

1000

1250

1500

Weight ratio of fillers (%)

F
le

x
u
ra

l 
M

o
d
u
lu

s 
(M

P
a)

          PP

 UTW

 UTB

 

(c) 

Figure 5.9: (a-c) Flexural modulus graphs 

5.2.3 Dynamic Mechanical Analysis (DMA) 

Dynamic mechanical analyzes (DMA) were performed to understand the viscoelastic 

behavior of PP and its biocomposite samples. The changes in the storage modulus 

values of the samples as a function of temperature are shown in Figure 5.10 (a – b). 

As seen in the Figure, the storage modulus values of biocomposites are higher than 

that of PP at the whole temperature range. This shows that the stiffness of 

biocomposites is increased with the addition of lignocellulosic fillers. The initiation 

of the relaxation process and softening of the matrix may cause this decrease [89]. 

Also, the increase in storage modulus was due to mechanical limitation posed by 

increasing particle embedded in the viscoelastic polymer matrix. 
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The changes in the loss modulus values of PP and its biocomposites as a function of 

temperature are shown in Figure 5.11 (a–b). As seen, the loss modulus of 

biocomposites are higher than PP. The highest loss modulus was investigated in 20 

wt. % filled samples for both particle sizes. The increase in the loss modulus can be 

attributed to the decrease in energy absorption [90,91]. 
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Figure 5.10: (a-b) Storage modulus results 
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Figure 5.11: (a-b) Loss modulus results 
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5.2.4 Scanning Electron Microscopy (SEM) Observation 

Lignocellulosic fillers are observed in the PP matrix when the fracture surfaces 

obtained after the tensile test of biocomposites given in Figure 5.12 (a–d) are 

examined. As seen in the Figure 5.12, there are many small pores around the filling 

material and it means that the matrix/filling material interface compatibility is weak. 

When the rate of additives increases, the homogeneous dispersion decreases. As the 

amount of filler increases, the compatibility of the matrix-filler interface weakens. As 

seen in Figure 5.12, the formation of larger sizes of particles on the fracture surface 

was observed with the addition of a high amount of particles into the PP matrix. As a 

result, the tensile strength of the composite decreased dramatically at high addition 

filler rates as summarized in Table 5.5. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5.12: SEM images of the fracture surfaces of biocomposites; a) 10UTW, b) 

10UTW2, c) 10UTB, and d) 10UTB2 
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5.3 Optimization of Alkali Treated Fillers 

In order to examine the effect of the modification process, the characterization 

analyses and performance tests detailed below were applied to the filling materials, 

and the modification rate that gave the most suitable properties for the purpose was 

determined. 

5.3.1 Fourier Transformed Infrared Spectroscopy (FTIR) 

Analysis 

The Fourier transform infrared spectrograms and their corresponding functional 

groups with the components of the untreated and alkali treated fillers were presented 

in Figure 5.13. The first wide peak was observed in the range 3400 cm
-1

. It has been 

reported that it was attributed to the presence of Cellulose Iβ due to the stretching 

and vibration of O-H groups [65]. The next peaks were found roughly at 2900 cm
-1

 

for all fillers. This represented the existence of cellulose and hemicellulose, 

attributed to the stretching and vibration of C-H from CH and CH2 [66]. The next 

following peaks found at 1700 cm
-1

 represented the presence of hemicellulose due to 

the bending vibrations of C=O. The 5ATW filler had a greater transmittance at this 

region when compared to the untreated and other alkali treated fillers. This may be 

because of a decrement in hemicellulose content due to alkali treatment [92]. The 

subsequent transmittance peaks which were detected at 1431 cm
-1

 and 1030 cm
-1

 

were due to the vibrations in CH2 and C-OH and it was attributed to the presence of 

cellulose and lignin [70]. The peak was observed at wave number 1270 cm
-1

, which 

was attributed to the bending vibrations of C=C, caused by the presence of acetyl 

groups in lignin and hemicellulose [71]. 
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Figure 5.13: FTIR results of alkali treated particles 

 

The 5ATW filler had a greater transmittance at this region when compared to the 

other alkali treated fillers. This is because of a decrement in hemicellulose content 

due to alkali treatment [68]. Furthermore, the transmittance percent in treated filler 

was higher compared to the untreated filler as noticed in Figure 5.13. This 

phenomenon was due to the elimination of excessive amorphous components such as 

hemicellulose, lignin, pectin, wax, and impurities from the lignocellulosic fiber 

through alkali treatment which allowed infrared rays to easily penetrate the fibers. 

5.3.2 X-Ray Diffraction (XRD) Analysis 

The XRD analysis results of untreated wood and alkali-treated wood particles are 

given in Figure 5.14 comparatively. While the cellulose intensity value was 3786 at 

untreated wood, this ratio increased approximately 80% after alkali treatment to 

6760. This can be associated with the successful complete or partial removal of 

hemicellulose, lignin, and extractive substances in the fiber structure after alkali 
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surface treatment. It is reported that the higher cellulose weight percentage improves 

the thermal stability, crystallinity, and tensile strength of the lignocellulosic fibers 

and its biocomposites [93]. 
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Figure 5.14: XRD results 

 

From the diffractograms of untreated and alkali treated fillers, presented in Figure 

5.12, the distinctive intensity peaks which were observed at 2θ approximately in 

ranges 15.3º, 22.2º, and 34.4º was attributed to the presence of cellulose-1β [73,74].  

It was observed that there was no phase transition of cellulose during the alkali 

treatment, which was confirmed by the presence of cellulose-1β through the FTIR 

spectrograms in Figure 5.13.  

5.3.3 Thermogravimetric Analysis (TGA) 

The thermogravimetric curves along with weight loss percent of 5ATW and the 

comparison with wood were presented in Figure 5.15 and Figure 5.16. The onset 
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temperature (Tonset), maximum degradation temperature (Tmax) and degraded weight 

(DW) values are given in Table 5.7. The onset temperatures were observed at 202.7 

ºC and 84.1 ºC for wood and 5ATW, respectively. When compared to untreated 

wood, the onset temperature of 5ATW was very much lower. This was due to the 

degradation of moisture content and some wax present in the lignocellulosic filler 

[77]. Also, this may due to the existence of fewer structurally integrated water 

molecules and a lower percent of hemicellulose due to alkali treatment as confirmed 

in FTIR analysis results presented in Figure 5.13. 
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Figure 5.15: TGA for 5ATW particles 
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Figure 5.16: Comparison of wood and 5ATW 

 

During the Tonset degradation stage, the 5ATW depicted the lowest weight loss of 

1.65%. This was because the NaOH treatment was able to disintegrate hemicellulose 

during the treatment by breaking hydroxyl groups. Owing to the presence of higher 

amorphous elements, the wood showed the highest thermal weight loss of 7.13% 

during the Tonset, resulting in a sharp decline in weight until reaching the temperature 

239ºC. The maximum degradation temperature, Tmax, occurred at the temperatures of 

357.3 ºC and 309 ºC for the wood and 5ATW fillers, respectively. It has been 

reported that this reduce was attributed to the thermal degradation of cellulose 

[78,79]. This phenomenon shows that the amount of cellulose in lignocellulosic 

fillers significantly affects their thermal stability. Wood and 5ATW exhibited a 

weight loss of 40% and 61.5%, respectively, at the maximum degradation 

temperature. These degradation ranges were similar to the degradation temperatures 

of other lignocellulosic fibers reported in literature [25,27,31,33]. 
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Table 5.7 Comparison of TGA results 

Material 
Tonset 

(℃) 

Tmax 

(℃) 

DW (wt. 

%) 

Wood 202.7 357.3 18.4 

5ATW 184.1 309 3.5 

 

As inferred from the Table 5.7, the wood revealed the highest thermal stability of 

357.3 ◦C which was 15.6% higher than the 5ATW (309 ◦C). The wood had the 

maximum thermal stability due to the existence of a lower percent of less thermally 

stable amorphous elements, which resulted in the enhanced weight ratio of more 

thermally stable crystalline cellulose. The cellulose was more thermally stable when 

compared to the hemicellulose and other amorphous constituents [40]. As a result, it 

was determined that the alkali treatment played a crucial role in influencing the 

thermal degradation phases of the lignocellulosic filler. 

5.3.4 Particle Size Distribution (PSD) Analysis 

The PSD analysis results and distribution graphs for 5ATW and UTW are given in 

Table 5.8 and Figure 5.17. According to the measurement results, it was determined 

that 50% of the 5ATW was less than 123 μm in diameter, while UTW was 57.7. 

Furthermore, D50 value increased by more than 200% after alkali treatment. The 

reason for that may be an aggregation of the particles during the treatment process 

[94,95]. 

 

Table 5.8: Comparison of PSD results 

Material/D D10 D50 D90 

UTW 13.1 57.7 161 

5ATW 44.5 123 290 
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Figure 5.17: Particle size distributions: a) 5ATW and b) UTW 

 

5.3.5 Scanning Electron Microscopy (SEM) Observation 

The morphological characteristics of the 5ATW and UTW were given in Figure 5.16 

(a - d). It was observed that the morphology of lignocellulosic fillers was 

significantly influenced by the alkali treatment. From the SEM observation of wood 

particles seen in Figure 5.16 (a - b), significant changes were observed over the 

particle surface as a result of the alkali treatment. Even, it was noticed that the alkali 

treatment had removed impurities and non-polar materials improving wettability 

[96]. 

As a result of the alkali treatment studies, it has been determined that the most 

effective ratio is the 5%. Furthermore, it is shown that the alkali treatment with its 

roughness-increasing effect on the particles which has the effect of increasing the 

fiber-matrix compatibility and providing adhesion, yields good results. 
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(a) 5ATW 

 

(b) UTW 

 

(c) 5ATW 

 

(d) UTW 

Figure 5.18: (a-d) SEM images of the particles before and after alkali treatment 

 

5.4 Optimization of MAPP Treated Polypropylene 

In order to determine the appropriate ratio of the MAPP coupling agent, it was added 

to PP in three different weight ratios, as given in Table 4.2, and samples were 

produced. Tensile and three-point bending tests were applied to the samples in 

accordance with ASTM D638 and ASTM D790 standards. The obtained results were 

given in Table 5.9. 

5.4.1 Tensile Test 

Figure 5.17 represents the tensile strength and tensile modulus values of PP and 

MAPP-added PP samples. The tensile strength values were obtained as 22.2 ± 0.1, 
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23.6 ± 0.2, 28.8 ± 0.6, and 19.2 ± 0.4, for PP, 1MAPP, 3MAPP, and 6MAPP, 

respectively. The best tensile strength was obtained with a 30% increase in the 

3MAPP sample when compared to PP. However, there was a dramatic decrease with 

a 33% value in 6MAPP against 3MAPP. Tensile modulus values also showed a 

similar trend with tensile strength. It reached the maximum value in 3MAPP with a 

1075 MPa which is more than 50% high of PP. There was a sudden decrease in the 

6MAPP sample where the value of it almost 60% lower than 3MAPP. The tensile 

properties reduction observed with 6% MAPP loading was caused by the interaction 

between the coupling agent (MAPP) and the matrix (PP). Coupled with MAPP’s low 

average molecular weight, the interaction between the PP matrix and MAPP 

becomes dominated principally by Van der Waals forces; since chain entanglement 

of PP and MAPP is virtually impossible. MAPP is not utilized for fiber-matrix 

adhesion and therefore mechanically has a negative effect on the biocomposites, 

which leads the significant performance variation except the optimum loading value 

[97,98]. 
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Figure 5.19: Tensile test results 
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Table 5.9: Mechanical test results 

Sample 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(MPa) 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(MPa) 

PP 22.2 ± 0.1 704.4 ± 16.2 38.3 ± 0.6 1429 ± 16.4 

1MAPP 23.6 ± 0.2 869 ± 28.8 31.4 ± 1 860 ± 19.4 

3MAPP 28.8 ± 0.6 1074.9 ± 47.7 47.2 ± 2.2 1863.2 ± 19 

6MAPP 19.2 ± 0.4 622.9 ± 27.1 42.1 ± 2.3 1602.3 ± 28.7 

 

5.4.2 Flexural Test 

Figure 5.18 shows the flexural strength and flexural modulus values of PP and 

MAPP-added PP samples. The flexural strength values were obtained as 38.3 ± 0.6, 

31.4 ± 1, 47.2 ± 2.2, and 42.1 ± 2.3, for PP, 1MAPP, 3MAPP, and 6MAPP, 

respectively. The best flexural strength was obtained with a 23% percent increase in 

the 3MAPP sample when compared to PP. On the contrary, there was a decrease in 

6MAPP sample with 11% value contrary to 3MAPP. Flexural modulus values also 

showed a similar tendency with flexural strength. It has the maximum value in 

3MAPP with 1863 MPa which is more than almost 30% high of PP. The flexural 

properties reduction observed with 1% and 6% MAPP loading was caused by the 

interaction between the compatibilizer and the polyolefin matrix. Coupled with 

MAPP’s low average molecular weight, the interaction between the PP matrix and 

MAPP becomes dominated principally by Van der Waals forces; since chain 

entanglement of PP and MAPP is virtually impossible. As reported, MAPP is not 

utilized for fiber-matrix adhesion and therefore mechanically has a negative effect on 

the biocomposites, which leads the significant performance variation except the 

optimum loading value [97,98]. 
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Figure 5.20: Flexural test results 

 

In light of the data obtained from the mechanical tests, the 3 wt. % MAPP added PP 

(3MAPP) sample provided the best tensile and mechanical properties within the 

scope of this study. 

5.5 Evaluation of Analyses and Test of Biocomposites 

As a result of the studies completed in Chapters 3 and 4, it was determined that the 

most effective ratio among the surface treatment is 5% alkali treatment of filler, and 

among the coupling agent is the 3% addition of maleic anhydride grafted to 

polypropylene. Eventually, considering the alkali treatment in its roughness-

increasing effect on the particles, and the combination of the coupling agent, which 

has the effect of increasing the compatibility of filler-matrix, yields better results. 
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5.5.1 Fourier Transformed Infrared Spectroscopy (FTIR) 

Analysis 

The Fourier transform infrared spectrograms and their corresponding functional 

groups with the components of the PP and its biocomposites were presented in 

Figure 5.21. The absorption peak observed at 2962 cm−1 is related to –CH3 

asymmetric stretching vibration. Symmetric bending vibration mode of –CH3 group 

is detected at 1381 cm−1. Absorption peaks displayed at 1020 and 1168 cm1 are 

assigned to –CH3 rocking vibration. Absorption peak located at 802 cm−1 is 

assigned to C–CH3 stretching vibration. All the previous referred absorption peaks 

are related to methyl group presence in the PP. In addition, the peaks at 2916, 2877 

and 1458 cm−1 are attributed to –CH2– asymmetric stretching, –CH2– symmetric 

stretching and –CH2– symmetric bending, respectively [99,100]. 
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Figure 5.21: FTIR results 
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5.5.2 Tensile Test 

The tensile strength and tensile modulus values of PP and its biocomposites are 

presented in Figure 5.22. The tensile strength values were obtained as 22.2 ± 0.1, 

21.2 ± 0.5, 21.15 ± 0.2, and 23.9 ± 0.5, for PP, 10UTW, 5AT10W, and 5AT10W-

3MAPP, respectively. As seen, the tensile strength of PP decreased about 4.5% with 

the addition of untreated wood particles. As mentioned in Section 5.2.1, the reason 

for this reduction in tensile strength may include inadequate wetting of the particles 

and the matrix, poor dispersion of the particles in the matrix, poor interfacial 

adhesion between the particles and the matrix, and the presence of agglomerations 

[79]. The tensile strength of 5AT10W sample is 21.15 MPa. There is a slightly 

decrease in tensile strength of biocomposite after alkali treatment. The reason for this 

low rate of decrease may be the aggregation that occurs after alkali treatment, as 

represent in the particle size distribution analysis in Section 5.3.4. Among all the 

biocomposites and PP, the highest tensile strength was determined for the 5AT10W-

3MAPP sample with a value of 23.9 MPa. 
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Figure 5.22: Tensile test results 
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The changes in the tensile modulus of PP and its biocomposites are shown in the 

Figure 5.22. The tensile modulus of PP is found 704 MPa where the tensile modulus 

was increased with the addition of filler into the PP. Among all the biocomposites, 

the highest tensile modulus was determined for the 10UTW sample with a value of 

1148 MPa, which means the tensile modulus was increased by 60% compared to the 

PP. This increase could be attributed to the fact that the tensile modulus of 

lignocellulosic fillers is substantially higher than that of the polymer matrix [86]. 

5.5.3 Flexural Test 

The flexural strength and flexural modulus values of PP and its biocomposites are 

presented in Figure 5.23. The flexural strength values were obtained as 38.32 ± 0.7, 

33.8 ± 0.9, 39.5 ± 0.8, and 37.3 ± 1, for PP, 10UTW, 5AT10W, and 5AT10W-

3MAPP, respectively. As seen in Figure 5.23, the flexural strength of PP decreased 

by 12% with the addition of untreated wood particles. The reasons for this reduction 

might inadequate wetting of the lignocellulosic particles and the matrix, poor 

dispersion of particles in the matrix, poor interfacial adhesion between the particles 

and the matrix, and the presence of agglomerations can be considered as the reasons 

for the decrease in flexural strength [24,27,80,81]. Among all the biocomposites and 

PP, the highest tensile strength was determined for the 5AT10W sample with a value 

of 39.5 MPa, which means the flexural strength was increased by 3% compared to 

the PP. The increase can be attributed to the improvement of the interface after 

surface treatment [35,42] . 5AT10W-3MAPP sample has lower flexural strength 

compared to PP and 5AT10W. The reason for that decrease may be that coupled with 

MAPP’s low average molecular weight, the interaction between the PP matrix and 

MAPP becomes dominated principally by Van der Waals forces; since chain 

implication of PP and MAPP is virtually impossible [97]. 
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Figure 5.23: Flexural test results 

 

The changes in the flexural modulus of PP and its biocomposites are shown in the 

Figure 5.21. The flexural modulus of PP is found 1170 MPa where the modulus was 

increased with the addition of untreated and treated fillers into the PP as 1333 MPa 

and 1894 MPa, respectively. Among all the biocomposites, the lowest flexural 

modulus was determined for the 5AT10W-3MAPP sample with a value of 1160 

MPa, which means the flexural modulus was decreased by 19% compared to the PP. 

One of the the reason for this decrease, when compared to 10UTW and 5AT10W 

samples, may be the fact that the wood particles are more rigid than the PP. It is 

reported that the modulus of the lignocellulosic particles is much higher than that of 

the polymer matrix [80]. The effect of MAPP compatibilizer to enhance the 

interaction between the hydrophilic lignocellulosic fibers and hydrophobic PP matrix 

has been assessed. As a result, MAPP managed to the decrease of hydrophilicity and 

the increase of surface energy of lignocellulosic fiber, and improved the chemical 

affinity of the matrix, thereby resulted in enhanced wettability of the fiber by the 

matrix and interfacial adhesion [101,102]. 
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5.5.4 Dynamic Mechanical Analysis (DMA) 

Viscoelastic properties of PP and its biocomposites were investigated by DMA 

analysis. Variations of storage and loss moduli of PP and biocomposites as a function 

of temperature are shown in Figure 24 and Figure 25, separately. As seen in Figure 

24, the storage modulus values of biocomposites are higher than that of PP at the 

whole temperature range. This shows that the stiffness of biocomposites is increased 

with the addition of untreated and treated particles. The increase in storage modulus 

was due to mechanical limitation posed by increasing filler embedded in the 

viscoelastic polymer matrix. It is reported that with increasing temperature, the 

storage modulus values of biocomposites decreased due to the softening of the 

matrix and initiation of the relaxation process [27,103]. 

The variation of the loss modulus of the PP and biocomposites as a function of 

temperature are presented in Figure 25. Loss modulus represents energy loss as heat 

or molecular rearrangements during the loading cycle, which indicates the viscous 

nature of the polymer [104,105]. As shown in Figure 25, the loss modulus of 

biocomposite was much higher than that of PP at all temperature ranges. The 

relaxation transition peak represents the transition region from the glassy state to the 

rubbery state [105]. The relaxation peaks of PP, UTW, 5AT10W, and 5AT10W-

3MAPP were obtained to be at 67.2, 70.3, 71.2, and 72.2 ℃, respectively. It can be 

noted a relaxation peak of PP was increased with increasing the weight fraction of 

untreated and treated fillers into PP. 
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Figure 5.24: Storage modulus 
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Figure 5.25: Loss modulus 
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5.5.5 Thermogravimetric Analysis (TGA) 

TGA curves of PP and its biocomposites are presented in Figure 5.26 and onset 

temperature, maximum degradation temperature, and degraded weight values of all 

samples are given in Table 5.10. While PP exhibited a one-stage degradation process, 

biocomposites shows two-stage degradation process. It is reported that, the first step 

is due to the thermal depolymerization of hemicellulose and the glycosidic linkages 

of cellulose, whereas the second step is due to the cellulose decomposition [106].  
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Figure 5.26: TGA results 

 

When TGA is examined, onset temperatures of PP, 10UTW, 5AT10W and 

5AT10W-3MAPP samples were obtained as 395.07, 387.86, 440.06 and 441.95℃, 

respectively. As applied surface treatment and MAPP coupling agent at optimum 

values, it was observed that the onset temperature of the biocomposites increases. 

Maximum degradation temperatures of PP, 10UTW, 5AT10W and 5AT10W-

3MAPP samples were measured as 442.7, 433.56, 463.05, and 464.05℃, 
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respectively. When the results are examined, it is indicated that 10UTW have a 

negative effect on the maximum degradation temperature of the PP, but it is observed 

that the maximum degradation temperatures increase by applying surface treatment 

and MAPP coupling agent at optimum ratios. Degraded weight values of PP, 

10UTW, 5AT10W and 5AT10W-3MAPP samples were obtained as 100, 98.89, 

95.78 and 98.34%, respectively. When the results are evaluated, the degraded weight 

value of PP decreased with adding filler. These degradation ranges were similar to 

the degradation temperatures of other PP-based biocomposites reported in literature 

[107,108]. 

 

Table 5.10: TGA data for PP and biocomposites 

Sample Tonset (℃) Tmax (℃) Weight loss (%) 

PP 395.07 442.7 100 

10UTW 387.86 433.56 98.89 

5AT10W 440.06 463.05 95.78 

5AT10W-3MAPP 441.95 464.05 98.34 

 

5.5.6 Differential Scanning Calorimetry (DSC) Analysis 

Figure 5.27 displays the calorimetric curves obtained from the DSC runs which 

corresponds the cooling step and the second heating step. These were used to 

calculate crystallization peak temperature (Tc), melting peak temperature (Tm), 

crystallization enthalpy (ΔHc), melting enthalpy (ΔHm), and degree of crystallinity 

(Xc). In addition, DSC melting and crystallization parameters are presented in Table 

5.11. 
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Figure 5.27: DSC results 

 

As can be seen in Figure 5.27, the melting temperatures of PP slightly increased after 

the untreated and treated filler added, which indicates that the crystal size of PP did 

not change considerably. In the 5AT10W-3MAPP sample, although the melting 

temperature value decreased to 166.6 with the addition of MAPP coupling agent, it 

still has a value of approximately 1% more than PP. Besides, lignocellulosic fillers 

into PP improved the crystallization of PP because of the fact that the crystallization 

temperature enhanced by 4 ℃. Crystallization temperature of PP was found 122.4. It 

increased with adding untreated filler, treated filler and coupling agent by 123.5, 

125.4 and 125.8, respectively. Crystallization enthalpy of PP decreased almost 18% 

when compared to its biocomposites. Melting enthalpy of PP decreased with adding 

untreated and treated filler. Adding MAPP increased the melting entalhpy when 

compared to 10UTW and 5AT10W where it still 6% below the PP. Crystallinity 

degree of PP was found 43.5%. For 10UTW and 5AT10W samples the crystallinity 

degree found almost same with 36.9% and 36.8% values. It exhibit that the surface 

treatment did not affect the crystallinity degree of PP. Moreover, adding 3% MAPP 

into the 5AT10W sample increased the crystallinity degree almost 10%. 
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In summary, some factors must be considered to understand the crystallization and 

melting behavior of PP and its biocomposites. First, the presence of a low molecular 

weight MAPP, and its lubricating effect on the higher molecular weight PP.  Second, 

the presence of MAPP results in interactions, covalent and acid-base, between the 

anhydride and the hydroxyl groups on the lignocellulosic particle surface. The third 

one is the interaction between the anhydride groups among themselves, within the 

same molecule, or between neighboring coupling agent molecules. As reported, good 

interaction between the MAPP and the lignocellulosic particle surface restricts the 

mobility of the molecules [107,109]. 

 

Table 5.11: Summary of thermal parameters obtained by DSC curves of PP and 

biocomposites 

Sample Tm (℃) Tc (℃) Hc (J/g) Hm (J/g) Xc (%) 

PP 165.6 122.4 97.6 90.9 43.5 

10UTW 169.5 123.5 80.2 77 36.9 

5AT10W 169.4 125.4 79 76.9 36.8 

5AT10W-3MAPP 166.6 125.8 80.1 85.1 40.7 

Tm(℃): melting peak temperature, Tc(℃): crystallization peak temperature, 

ΔHc(J/g): crystallization enthalpy, ΔHm(J/g): melting enthalpy, Xc(%): degree of 

crystallinity (Xc = (ΔHm / ΔH
0

m) *100 [melting enthalpy of PP (ΔH
0

m) is 209 

[110]]) 

 

5.5.7 Scanning Electron Microscopy (SEM) Observation 

The scanning electron microscopy (SEM) images are presented in Figure 5.28 (a-c) 

to evaluate the microstructure of fractured surfaces of biocomposites. As stated 

before, efficient homogenization is always a challenge in particulate-filled polymers. 

The tendency for aggregation depends on the size of the particles and on their surface 

energy; small particle size and high surface energy favor aggregation [111,112]. A 



81 

 

better fiber-matrix interface was obtained after alkali treatment where fiber-matrix 

weak bonds and voids did not occur in Figure 5.28 (b) as compared to Figure 5.28 

(a). It was reported in flexural test results that the stiffness of biocomposite decreased 

with the addition of MAPP coupling agent. The reason for this reduction may be the 

plasticizer effect of MAPP [109] as seen obviously in Figure 5.28 (c).  

 

(a) 10UTW 

 

(b) 5AT10W 

 

(c) 5AT10W-3MAPP 

Figure 5.28: SEM images of the fracture surfaces; a) 10UTW, b) 5AT10W and c) 

5AT10W-3MAPP 
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6. Conclusions 

Chapter 6 

Conclusion 

In the context of this thesis, cherry tree (Prunus avium L.) pruning wastes were 

characterized and the usability of these materials, classified as agricultural waste, as 

a filling material in thermoplastics was investigated. 

At first, the characterization of the lignocellulosic fillers obtained from the wood and 

bark parts of the branches was completed. The fillers' cellulose, hemicellulose, and 

lignin contents were determined by chemical composition analysis. The cellulose 

ratios of wood and bark are 70.65 ±1.35 and 63.85 ±0.78 and densities are 1.4551 ± 

0.0024 and 1.4013 ± 0.0037 g/cm
3
, respectively. Fillers functional groups were 

analyzed by using Fourier transform infrared spectroscopy (FTIR) and X-ray 

diffraction analysis (XRD) confirming the presence of cellulose and amorphous 

substances in the fillers. The thermogravimetric analysis (TGA) justified the thermal 

stability of fillers up to 200 ℃, which is within polymerization process temperature 

conditions. The morphology of fillers was observed using a scanning electron 

microscope (SEM). 

Second, biocomposite production was performed by adding untreated fillers to 

polypropylene (PP) with particle sizes under 100 microns and 100-250 microns at the 

rates of 5%, 10%, 15%, and 20% by weight. The effects of the particle size of fillers 

and filler types on the mechanical and viscoelastic properties of biocomposites were 

investigated by performing tensile tests, three-point bending tests, and dynamic 

mechanical analyses (DMA). When the mechanical properties of biocomposites were 

compared with the neat PP; it was determined that the biocomposite, which contains 

10% of wood filler with under 100 microns particle size, provided the optimum 

values among all other fillers with a tensile strength of 21.2 MPa, a tensile modulus 

of 1150 MPa, a flexural strength of 34 MPa, and a flexural modulus of 1334 MPa. 
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In the third step, wood filler under 100 microns was treated with sodium hydroxide 

(NaOH) at 3%, 5%, and 10% ratios in order to determine the ideal ratio for surface 

modification. According to the results of the FTIR analysis, 5% NaOH was 

determined as the most effective modification parameter. In the fourth part of the 

study, maleic anhydride-grafted polypropylene (MAPP) was added to the neat PP at 

1%, 3%, and 5% by weight. Tensile and three-point bending tests were applied to the 

samples to determine the ideal additive ratio. As a result of these tests, with 29 MPa 

tensile strength, 1075 MPa tensile modulus, 47 MPa flexural strength, and 1864 MPa 

flexural modulus values, the best results were obtained in the 3 wt.% MAPP added 

sample. 

Lastly, the final biocomposite with improved thermal and mechanical properties was 

produced by using the most ideal ratios obtained until this stage of the thesis study. 

The content of this biocomposite consists of 5% alkali-treated wood (<100µ) 10 

wt.%, and 3 wt.% MAPP-filled polypropylene. According to the mechanical analysis 

results, this biocomposite provided an increase of 10% in tensile strength and 60% in 

tensile modulus when compared to neat PP. Nevertheless, when the thermal 

properties of the 5AT10W-3MAPP biocomposite were compared with pure PP, the 

thermal stability and crystallization rates of the biocomposites improved by 21.5 °C 

and 5.6%, respectively. 
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Appendix A 

A1. Stress-Strain curves of PP and biocomposites 
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A2. SEM images of biocomposites 
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