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Abstract 

The formulation of sustainable bioresins sourced from renewable materials generates considerable opportunities 

for biocomposite uses in sectors such as food, packaging, and cosmetics. This research focused on the formulation 

and characterization of rosin-based bioresins that were modified with palm wax, microwax, and olein at various 

concentrations (5%, 10%, and 15%). The bioresins were formulated by melting rosin and subsequently adding 

additives, followed by casting and cooling processes. The analysis using Fourier-transform infrared spectroscopy 

(FTIR) verified the presence of functional groups associated with the resin’s esterification and the addition of 

additives. The assessment of thermal stability was performed using thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC), which indicated distinct degradation phases that were affected by the type 

and concentration of the additives. DSC revealed distinct melting temperatures (Tm) ranging from 40 to 90 °C and 

glass transition temperatures (Tg) from 60 to 230 °C. TGA showed degradation onset temperatures (Td) between 

370 and 410 °C, indicating excellent thermal stability across all formulations. Hardness testing demonstrated 

composition-dependent mechanical reinforcement, with B-series and C-series presenting improved resistance 

compared to A-series. The combined thermal–mechanical evaluation demonstrates that bioresin B provides the 

most balanced performance due to synergistic contributions of microcrystalline wax, yielding improved hardness 

(13.12 ± 10.43 kg in B2) while maintaining high thermal stability (Td = 390 °C). These findings highlight the 

potential of modified bioresins as sustainable alternatives with tunable structure–property relationships suited for 

packaging films, protective coatings, and solid cosmetic matrices. Thermal analysis indicated enhanced stability in 

systems modified with palm wax and microwax, while olein contributed to an increase in flexibility at the expense 

of thermal resistance. Overall, modified bioresin B emerged as the optimal formulation for structural and packaging 

applications due to its superior thermal stability, increased hardness, and enhanced molecular interactions. 
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1 Introduction 

 

The growing environmental issues and the diminishing 

petroleum resources have heightened the exploration of 

renewable and biodegradable materials for composite 

applications. The rising need for sustainable and 

renewable materials in industrial sectors has promoted 

research into natural resin–based systems as substitutes 

for petroleum–derived polymers.  

Biobased resins sourced from natural feedstocks 

like rosin and vegetable waxes have emerged as viable 

alternatives to synthetic resins due to their 

sustainability, low toxicity, and biodegradability [1]. 

Rosin (Resina colophonium), a natural resin extracted 

from pine trees, shows good film–forming capabilities, 

tackiness, hydrophobicity, and compatibility with 

various additives, rendering it a promising candidate 

for bioresin production. Its structure, characterized by 

abietic–type resin acids, offers reactive sites for 

chemical modification, making it appropriate for use 

in biocomposites and functional coatings [2]. 

Additionally, rosin is plentiful, cost–effective, 

and biodegradable, establishing it as an ideal substitute 

for synthetic polymers across diverse applications [3]. 

Prior research has shown its compatibility with both 

natural and synthetic polymers, facilitating customized 

property modifications [4]. These characteristics make 

rosin an attractive base for biocomposites, where it can 

function as a matrix material for natural fiber 

reinforcements. Rosin is primarily made up of resin 

acids containing carboxylic functional groups [5]. 

These functional groups provide reactivity and 

adhesion characteristics that are beneficial for resin 

matrices within composite systems. Nevertheless, 

pure rosin is characterized by brittleness, low thermal 

stability, and restricted flexibility, which limit its 

direct application in advanced material systems such 

as biocomposites [6], [7]. 

To address these limitations, modifiers such as 

palm wax, microwax, and olein were selected for this 

study. Recent advancements have focused on improving 

the functional and mechanical characteristics of 

bioresins through chemical modification and blending 

with bio–based or inorganic fillers to produce high–

performance biocomposites [8].  

Palm wax, a vegetable–derived wax, possesses 

advantageous attributes such as biodegradability and 

hydrophobicity. Palm wax is a triglyceride–based 

material with high crystallinity, contributing to 

enhanced hardness and hydrophobicity when 

incorporated into resin systems [9]. Microwax 

(microcrystalline wax) enhances toughness and 

structural integrity, while olein, a liquid component of 

palm oil, improves plasticity and diminishes 

brittleness [10]–[12]. Microwax, composed mainly of 

long–chain hydrocarbons, introduces thermal stability 

and improves moisture resistance in bioresin blends 

[13]. These wax additives modify the resin’s polarity, 

crystallinity, and mechanical properties, enabling its 

application as a renewable composite matrix [14]. 

These modifications are aligned with the 

growing need for eco–friendly materials in food 

packaging, cosmetic formulations, and biomedical 

coatings [15]. The combination of these modifiers 

aims to create tailored bioresins with tunable 

mechanical and thermal properties for various 

applications, including food packaging, cosmetics, 

and biomedical uses such as wound dressings and 

controlled–release drug delivery systems [16], [17]. 

Spectroscopic and thermal characterization 

methods such as Fourier–Transform Infrared 

Spectroscopy (FTIR), Thermogravimetric Analysis 

(TGA), and Differential Scanning Calorimetry (DSC) 

are essential for understanding the chemical 

interactions and thermal behavior of modified 

bioresins. FTIR analysis is capable of confirming the 

functional groups linked to rosin and its derivatives, 

whereas TGA and DSC offer valuable insights into 

thermal degradation and stability when subjected to 

heating conditions [18]. Furthermore, mechanical 

properties, particularly hardness, are critical for 

determining the applicability of bioresins in load–

bearing or structural composite systems [19]. 

Recent developments indicate that wax–

modified bioresins can function as matrices for 

biocomposites incorporating natural fibers, achieving 

an optimal balance between mechanical strength and 

biodegradability [20]. However, systematic studies 

comparing different modifier combinations (palm 

wax, microwax, olein) and their effect on chemical 

structure, thermal stability, and mechanical 

performance remain limited. 

Despite the potential of rosin–based materials, 

comprehensive studies on multi–component 

modification using natural waxes and olein remain 

limited, particularly in terms of their thermal, 

mechanical, and functional characteristics for multi–

sector applications. Most previous research focuses on 

rosin as an additive rather than a primary matrix for 

bioresin systems [21]. Recent research has intensified 

efforts to improve the performance of bio–based resin 

systems through functional modification using natural 
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waxes, triglycerides, and rosin derivatives. Rosin–

derived epoxy thermosets possess high rigidity and 

elevated Tg, but their intrinsic brittleness necessitates 

flexible modifiers to widen their application [22]. 

Natural wax modifiers have also been used to tune 

melting behavior and crystalline structures. Palm–based 

waxes increase crystallinity, raise the melting point, and 

improve barrier strength in biodegradable films [23]. 

Triglyceride–based plasticizers, such as olein, introduce 

an opposite effect. Olein lowers Tg, increases molecular 

mobility, and improves ductility in bioresin matrices 

[24]. Olein–derived plasticizers improve spreadability 

and reduce brittleness in natural resin coatings [25]. 

These findings underline that olein acts primarily as a 

plasticizing agent but can also enhance cohesive 

interactions when present at moderate levels. A limited 

number of works have simultaneously evaluated 

thermal and mechanical parameters. DSC, TGA, and 

hardness can be integrated to reveal structure–property 

relationships in bioresin composites, showing strong 

correlations between Tg, crystal domain formation, and 

mechanical strength [26]. 

Despite these advancements, no study to date has 

systematically compared the combined effects of palm 

wax, microcrystalline wax, and olein within a single 

rosin–based bioresin platform, nor linked DSC/TGA 

transitions to hardness behavior across multiple 

formulations. The present work fills this gap by 

providing a comparative structure–property assessment 

of nine modified bioresins (A1–C3), establishing clear 

correlations between crystalline modifiers (palm wax, 

microcrystalline wax), mobility–enhancing modifiers 

(olein), and resulting thermal–mechanical properties. 

The novelty of this research includes: 1) It 

presents the first comparative evaluation of palm–

wax, microcrystalline–wax, and olein–modified rosin 

bioresins. 2) It integrates thermal–mechanical correlation 

analysis. 3) It establishes a structure–property 

framework for natural-wax bioresins, enabling future 

materials design. 

This study aims to develop rosin–based bioresins 

modified with palm wax, microwax, and olein and to 

evaluate their physicochemical, thermal, and 

mechanical characteristics. The findings are expected 

to highlight the potential of these modified bioresins 

as sustainable biocomposite applications, including 

food coatings, packaging, cosmetics, and biomedical 

materials. While rosin and individual modifiers have 

been studied, a systematic comparative study of the 

effects of palm wax, microwax, olein, and their 

hybrids on the thermo–mechanical properties of 

rosin–based bioresins is lacking [27]–[29]. 

2 Material and Methods 

 

2.1 2.1 Materials 

 

Rosin was purchased from Perhutani Fine Chemical in 

Pemalang, Indonesia. Its specifications indicate that it 

is solid, yellow, with a melting point that varies 

between 70 °C and 90 °C. Palm wax grade SM 2000 

was purchased from PT Mega Surya Mas in Indonesia. 

The specifications include FFA = 0.077%, IV 

(Titration) = 0.14, and a melting point of 59 °C. Olein 

was obtained from PT Bimoli in Indonesia, with 

specifications of FFA at 0.1%, an iodine number of 56, 

a melting point of 24 °C, and a cloud point of 10 °C. 

Microwax, which has a melting point of 60 °C, was 

purchased from a local market in Jakarta, Indonesia. 

 

2.2 Preparation of modified bioresin 

 

In this study, 3 types of modified bioresin products 

were prepared, namely modified bioresin A, B, and C. 

Modified bioresin A (rosin + palm wax) was prepared 

by heating rosin until completely liquefied, and palm 

wax was added at concentrations of 5%, 10%, and 

15%. The mixture was stirred at 500 rpm and a 

temperature of 150 °C for a period of 30 min. 

Modified bioresin B (rosin + palm wax + microwax) 

was prepared by heating the rosin until completely 

liquefied, then palm wax and microwax were added in 

total concentrations of 5%, 10%, and 15% (w/w). The 

ratio of palm wax and microwax was 1: 1. The mixture 

was stirred at 500 rpm for 30 minutes at 150 °C. 

Modified bioresin C (rosin + olein) was prepared by 

heating rosin until completely liquefied, and olein was 

added at 5%, 10%, and 15% (w/w). The mixture was 

stirred at 500 rpm and a temperature of 150 °C for 30 

minutes. Subsequently, each modified bioresin A, B, 

and C was cast into molds and cooled at 25 °C for 3 h. 

 

2.3 Testing of modified bioresin characteristics 

 

2.3.1 Fourier transform infrared spectroscopy 

 

FTIR was employed to monitor the chemical 

transformations occurring during the synthesis of the 

additives and the intermediate reaction products. A 

Shimadzu IR–Prestige–21 instrument was utilized 

with 4 cm-1 resolution, across a wavenumber range of 

400 to 4000 cm-1. 
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2.3.2 Thermal analysis 

 

Thermogravimetric analysis 

 

The thermal stability of the modified bioresin was 

evaluated utilizing the TGA Q–50 from TA 

Instruments (USA). About 15.0 mg of the samples 

were positioned in an aluminum pan and subsequently 

exposed to a synthetic air atmosphere (40 mL/min) 

ranging from 25 to 700 °C, with a heating rate of 10 

°C/min. 

 

Differential scanning calorimetry (DSC) 

 

The thermal transitions of the modified bioresin were 

examined using a DSC–50 from TA Instruments 

(USA). About 10.0 mg of the samples were enclosed 

in a DSC pan and then cooled from 50 °C to 25 °C 

before being heated to 200 °C. The cooling and 

heating rates were performed at 10 oC/min in a 

nitrogen atmosphere (40 mL/min). 

 

2.3.3 Hardness test 

 

The hardness of the modified bioresins was evaluated 

by a needle penetration method, adapted from ASTM 

D1321 [30] and AOAC Official Method 965.47 [31]. 

The sample was prepared by filling modified bioresin 

into a cylindrical mold that has a thickness of 6 mm 

and a diameter of 10 mm. In this analysis, the standard 

instruments were utilized. A 1 mm needle under a 300 

g load was allowed to penetrate the sample surface for 

5 ± 0.1 seconds at 20 ± 2 °C. The penetration depth 

(mm) was recorded using an electronic caliper; four 

measurements were taken around the circumference, 

and one measurement was conducted at the center of 

the specimen. The mean of five replicates was 

calculated for each sample. This test quantifies the 

penetrative resistance, which is inversely proportional 

to material softness. 

 

3 Result and Discussion 

 

3.1 3.1 Chemical structure  

 

FTIR spectroscopy was utilized to examine the 

structural characteristics and chemical interactions in 

the modified bioresins. The spectra for modified 

bioresin A, B, and C are shown in Figures 1–3, 

respectively. Each spectrum revealed the presence of 

functional groups corresponding to rosin–based 

matrices and their modifications with palm wax, 

microwax, and olein. 

 

3.1.1 The FTIR analysis of modified bioresin A 

 

The FTIR spectrum for modified bioresin A (Figure 1) 

illustrates the spectra of modified bioresin A1 (rosin 

and 5% palm wax), modified bioresin A2 (rosin and 

10% palm wax), and modified bioresin A3 (rosin and 

15% palm wax). The FTIR spectrum revealed 

characteristic absorption peaks corresponding to both 

rosin and palm wax components. The incorporation of 

palm wax into rosin alters both the hydrogen bonding 

network and the hydrophobic profile of the material. 

 

 
Figure 1: The FTIR spectrum of modified bioresin A.
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The FTIR spectrum of A1 preserved the main 

bands of rosin: the broad O–H stretching at ~3440 

cm⁻¹, the C=O stretching at ~1690 cm⁻¹ (abietic acid 

derivatives), and C–H stretching at 2924/2853 cm⁻¹. 

With 5% palm wax addition, slight intensification of 

the aliphatic C–H bands and the appearance of a weak 

ester C–O stretch at 1170 cm⁻¹ indicated the 

incorporation of wax esters [32]. This suggests that 

palm wax begins to act as a plasticizer, weakening 

hydrogen bonding and increasing hydrophobicity 

[33]. 

The FTIR spectrum of A2 displayed stronger 

modifications. The intensity of the O–H stretching 

band decreased, indicating disruption in the 

intermolecular hydrogen bonding network of rosin. 

The C=O band shifted slightly (to approximately 1686 

cm⁻¹), consistent with ester–carboxyl interactions 

between palm wax and rosin [34]. The aliphatic C–H 

stretching bands (2920 and 2850 cm⁻¹) intensified 

further, reflecting an increase in hydrophobic 

reinforcement. This concentration represents an 

optimal miscibility point, resulting in a balanced 

hydrogen–bond reduction and hydrophobic 

enhancement. 

The FTIR spectrum of A3, at higher palm wax 

loading, wax–related peaks dominated the FTIR 

spectrum. The C–H bands at 2916 and 2850 cm⁻¹ 

became the most prominent features. The O–H 

stretching band nearly disappeared, indicating a 

substantial decrease in hydrogen bonding, while the 

C=O band broadened due to heterogeneous chemical 

environments [35]. The stronger C–O band at ~1170 

cm⁻¹ confirmed significant ester content. These 

characteristics indicate over–plasticization, consistent 

with a more amorphous structure and weaker rigidity, 

consistent with DSC–TGA findings. 

The FTIR results show a progressive chemical 

shift from rosin–dominant to wax–dominant 

structures as palm wax content increases. Modified 

bioresin A1 shows minimal modifications and initial 

hydrophobic reinforcement. Modified bioresin A2, 

indicates a strong ester–carboxyl interaction, optimal 

miscibility, and improved flexibility without major 

loss of structural integrity. Modified bioresin A3 

exhibits characteristics such as over–plasticization, a 

predominance of aliphatic wax features, diminished 

hydrogen bonding, and heterogeneity. Together with 

thermal data, the FTIR spectra confirm that modified 

bioresin A2 provides the most balanced composition 

for sustainable bioresin applications in food coatings, 

packaging, and cosmetics. 

The addition of palm wax results in higher 

crystallinity within the modified bioresin matrix due 

to its saturated hydrocarbon chains, as indicated by the 

sharper intensity of CH stretching peaks. This 

modification contributes to improved flexibility and 

reduced brittleness, addressing a significant limitation 

of pure rosin bioresin [36], [37]. The enhanced 

structural network is expected to improve dimensional 

stability under varying environmental conditions, 

making this formulation suitable for rigid 

biocomposites and food packaging applications that 

require durability and moisture resistance [38]. 

Overall, the FTIR spectra confirm that modified 

bioresin A retains both polar functional groups (O–H 

and C=O) and elongated aliphatic chains. This dual 

functionality is beneficial for biocomposite 

applications. Polar groups enable hydrogen bonding or 

dipole–dipole interactions with hydroxyl–rich 

lignocellulosic fibers, thereby enhancing interfacial 

adhesion, while hydrophobic hydrocarbon segments 

contribute to improved water resistance and 

dimensional stability [39].  

 

3.1.2  The FTIR spectrum of modified bioresin B 

 

The FTIR spectrum of modified bioresin B (Figure 2) 

illustrates the spectra of modified bioresin B1 (rosin 

and 5% palm wax + microwax), B2 (rosin and 10% 

palm wax + microwax), and B3 (rosin and 15% palm 

wax + microwax). 

The FTIR spectrum of modified bioresin B1 

retained the characteristic rosin bands: a broad O–H 

stretching around 3440 cm⁻¹, a sharp C=O stretching 

associated with carboxylic acids near 1690 cm⁻¹, and 

aromatic C=C stretching close to 1600 cm⁻¹. With 5% 

wax blend, an intensification of aliphatic C–H 

stretching bands at 2922/2850 cm⁻¹ was observed, 

consistent with hydrocarbon enrichment. A weak band 

at approximately 720 cm⁻¹ emerged, which is 

characteristic of long–chain, –(CH₂)ₙ– rocking modes, 

found in waxes [40]. This suggests the beginning of 

molecular dispersion of wax esters within the rosin 

matrix. 

In modified bioresin B2, the O–H stretching 

intensity declined, reflecting hydrogen–bond 

disruption. The C=O stretching band exhibited a slight 

shift to approximately 1686 cm⁻¹, which suggests the 

presence of ester–carboxyl interactions between wax 

esters and the abietic acid derivatives of rosin [18]. 

The peaks associated with C–H stretching became 

more pronounced and sharper, while the ester C–O 

stretching at around 1170 cm⁻¹ showed an increase in 
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intensity compared to modified bioresin B1. This 

observation confirms improved compatibility and 

stronger physical interactions. Existing literature on 

wax–resin blends supports such band shifts as 

indicators of miscibility and the reinforcement of 

ester–hydrocarbon interactions [41]. 

 

 
Figure 2: The FTIR spectrum of modified bioresin B. 

 

In the case of modified bioresin B3, which had a 

higher wax loading, the FTIR spectrum was 

predominantly characterized by features of wax. The 

aliphatic C–H stretching bands at 2916 and 2850 cm⁻¹ 

became the most significant, effectively 

overshadowing the polar functionalities of rosin. The 

O–H stretching band diminished considerably, while 

the C=O band exhibited broadening and a slight 

downfield shift, indicative of heterogeneous 

environments resulting from phase segregation [42]. 

The FTIR results demonstrate a clear progressive 

structural transition. Modified bioresin B1, retains 

rosin’s identity, with initial hydrocarbon 

reinforcement. Modified bioresin B2 exhibits a 

balanced interaction between ester and carboxyl 

groups, ensuring optimal miscibility and enhanced 

flexibility without any phase separation. Modified 

bioresin B3 is characterized by dominant wax features, 

a reduction in hydrogen bonding, and indications of 

heterogeneity and over–plasticization. The data 

obtained from DSC–TGA analyses confirm that 

modified bioresin B2 represents the most balanced 

formulation regarding its structural integrity and 

potential performance, whereas bioresin B3 tends to 

exhibit wax–dominant characteristics.  

This hybrid composition results in greater 

hardness and improved thermal stability compared to 

single–modifier formulations, as confirmed by 

thermal analysis. The dense structural network formed 

by palm wax and microwax significantly improves the 

rigidity and mechanical strength of the resin, 

rendering it suitable for applications in rigid 

packaging materials, durable coatings, and structural 

containers for cosmetics [43]. These properties are 

particularly beneficial for scenarios where 

maintaining shape and thermal resilience is essential. 

The integration of rosin (which provides polar 

interactions), palm wax (rich in ester–based 

triglycerides), and microwax (composed of non–polar 

long–chain hydrocarbons) results in a composite 

matrix that effectively balances polarity and 

hydrophobicity. This amphiphilic character is 

beneficial in biocomposite systems because polar 

groups support fiber adhesion, while the hydrocarbon 

components enhance moisture resistance and overall 

processability [44]. 

 

3.1.3 The FTIR spectrum of Modified Bioresin C  

 

The FTIR spectrum of modified bioresin C (Figure 3) 

illustrates the spectra of modified bioresin C1 (rosin 

and 5% olein), C2 (rosin and 10% olein), and C3 (rosin 

and 15% olein). 
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Figure 3: The FTIR spectrum of modified bioresin C. 

 

The spectrum of modified bioresin C1 shows the 

unique O–H stretching (~3440 cm⁻¹), C=O stretching 

(around 1690 cm⁻¹), and C=C stretching (around 1600 

cm⁻¹) that are typical of rosin. When 5% olein is 

added, there's a slight boost in the aliphatic C–H 

stretching bands at 2924/2853 cm⁻¹, which indicates 

the inclusion of hydrocarbon chains. Moreover, a faint 

band appears around 1743 cm⁻¹, linked to the ester 

C=O of olein triglycerides [3]. This indicates an initial 

blending of molecules without much phase separation. 

In modified Bioresin C2, there are some 

significant changes in the spectrum. The intensity of 

the O–H band (around 3440 cm⁻¹) decreases, 

indicating a reduction in hydrogen bonding. The ester 

C=O band (around 1743 cm⁻¹) becomes more 

noticeable, confirming olein's chemical role. The C=O 

band of rosin (around 1690 cm⁻¹) broadens and shifts 

slightly to approximately 1686 cm⁻¹, which suggests 

possible interactions between ester and carboxyl 

groups. Additionally, the C–O stretching (around 

1170 cm⁻¹) becomes stronger, indicating a rise in ester 

content. This suggests increased miscibility, where 

olein’s ester groups engage with rosin’s acidic parts, 

producing a more amorphous and flexible matrix [45]. 

In modified Bioresin C3, the FTIR spectrum 

shows the dominance of olein. The ester C=O band at 

1743 cm⁻¹ becomes prominent. The O–H band is 

greatly reduced, almost disappearing, which confirms 

a major drop in hydrogen bonding. The C–H 

stretching bands (2924/2853 cm⁻¹) show increased 

strength, indicating the presence of hydrocarbon–rich 

areas. The rosin C=O band (1685 cm⁻¹) appears broad, 

suggesting heterogeneous environments due to micro–

phase separation. This indicates that higher olein 

loading leads to over–plasticization, enhancing 

flexibility while reducing intermolecular cohesion 

[46]. 

This specific composition results in a material 

that is softer and more elastic, making it particularly 

suitable for cosmetic applications where flexibility 

and spreadability are essential. However, its reduced 

crystallinity in comparison to modified Bioresin B 

suggests a decrease in structural rigidity, rendering it 

less appropriate for load–bearing uses. This finding is 

supported by [47], who observed that adding liquid 

triglycerides to resin matrices improves ductility and 

softness, although it compromises hardness and heat 

resistance. Olein functions as a plasticizing agent, 

diminishing crystallinity and enhancing flexibility 

within the resin matrix. This composition results in a 

softer and more elastic material, ideal for cosmetic 

applications where flexibility and spreadability are 

desirable [48]. 

The relationship between FTIR and material 

strength is indirect yet highly important. FTIR serves 

as a tool for analyzing chemical properties, which can 

subsequently be linked to physical and mechanical 

characteristics, including the material's strength. FTIR 

aids in comprehending the chemical transformations 

that contribute to variations in strength. For instance, 

material modification. When a material undergoes 

modification, FTIR can verify the establishment of 



  

                             Applied Science and Engineering Progress, Vol. 19, No. 4, 2026, 8103 

    

  

 

S. Agustina et al., “Formulation and Characterization of Rosin-Based Bioresins Modified with Palm Wax, Microwax, and Olein for 

Sustainable Biocomposite Applications.” 

  
8 

new bonds or structural alterations that enhance 

strength. In this research, the modification of resin, 

palm wax, and olein will yield modified resin A, 

which consists of resin and palm wax, modified resin 

B, which includes resin, palm wax, and microwax, and 

modified resin C, which is composed of resin and 

olein. Each modified resin generates a distinct type of 

chemical bond group and strength [49], [50].  

FTIR analysis (Figures 1–3) supports the 

presence and relative strength of physical interactions 

between rosin and each modifier. The C=O stretching 

band of rosin (1700–1720 cm⁻¹) shifts slightly to lower 

wavenumber and broadens in palm–wax–modified 

samples, consistent with moderate hydrogen–bond 

formation and increased dipolar coupling. In the B–

series, the C=O band frequently appears as a multi–

component feature and the CH2 stretching/rocking 

modes (2920, 2850, 720 cm⁻¹) sharpen markedly 

together, indicating increased alkyl–chain ordering 

and heterogeneous but strong physical interactions 

(high van der Waals cohesion and constrained 

hydrogen bonding). In contrast, the C–series spectra 

show broader O–H/C=O features and attenuated 

crystalline CH2 signatures, suggesting olein acts 

primarily as a plasticizer: it forms weaker dipolar 

interactions with rosin while disrupting crystalline 

packing. These FTIR findings corroborate DSC/TGA 

and mechanical data, supporting the conclusion that 

microwax introduces the strongest physical 

reinforcement (B–series), palm wax provides 

moderate hydrophobic reinforcement (A–series), and 

olein yields flexible, plasticized matrices (C–series). 

Based on the FTIR analysis presented above, 

modified bioresin B exhibits the most pronounced 

chemical interactions, leading to enhanced rigidity and 

thermal stability. Modified bioresin C provides 

superior flexibility but at the cost of some structural 

integrity, while modified bioresin A occupies a 

position between the two. These results highlight the 

importance of specific combinations of modifiers in 

customizing resin properties for targeted applications. 

 

3.2 Thermal analysis  

 

DSC and TGA analyses were performed to evaluate 

the thermal behavior and stability of the modified 

bioresins. The results provide insight into glass 

transition temperature, melting temperature, and 

decomposition profile, which are critical for 

predicting the performance of modified bioresins in 

biocomposite applications. 

 

3.2.1  DSC–TGA of Modified Bioresin A 

 

Figure 4 shows the DSC–TGA thermograms for 

modified bioresin A1, A2, and A3. While, Table 1 

presents a summary of the values of T_melting (Tm), 

T_glass transition (Tg) and T_degradation (Td) for 

modified bioresin A. Table 2 describes relations 

between relative material change (%) with Tm, Tg, 

and Td in modified bioresin A.

 

Table 1: Relationship between heat flow with melting point, transition point and degradation point in modified 

bioresin A. 
Modified 

Bioresin 

T_melting T_glass transition T_degradation 

Temp (°C)  Heat flow (mW) Temp (°C) Heat flow (mW) Temp (°C) Heat flow (mW) 

Bioresin A1 40 -1.45763 90 -0.954240 370 -29.5752 

Bioresin A2 45 -4.00822 140 -2.94175 395 12.0578 
Bioresin A3 55 -14.00602 230 25.8184 410 38.7079 

 

Table 2: Relations between relative material change with melting point, transition point and degradation point 

in modified bioresin A. 
Modified  

Bioresin 

T melting T glass transition T degradation 

Temp (°C) Material Change (%) Temp (°C) Material Change (%) Temp (°C) Material Change (%) 

Bioresin A1 40 -0.000165 90 -0.8156 370 -99.2722 
Bioresin A2 45 -0.271316 140 -0.51127 395 -89.179 

Bioresin A3 55 -0.316543 230 -1.147026 410 -93.8764 

The DSC thermogram of modified bioresin A1 

revealed a distinct endothermic melting peak at 40 °C, 

attributed to the melting of palm wax crystalline 

domains dispersed within the amorphous rosin matrix. 

The relatively sharp nature of this peak compared to 

pure rosin, which does not display any low-

temperature crystalline transitions, confirms that palm 

wax effectively introduces crystalline order into the 

system [51]. This crystalline reinforcement reduces 

brittleness and provides localized rigidity, while the 
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relatively low intensity of the peak (compared to 

modified bioresin A2 or A3) reflects the limited 

crystalline fraction at only 5% palm wax addition. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4: DSC–TGA analysis of (A: Bioresin A1), (B: 

Bioresin A2), and (C:  Bioresin A3). 

The TGA profile showed that modified bioresin 

A1 exhibited an onset degradation temperature of 

around 370 °C, which is higher than pure rosin (215– 

295 °C), indicating an improvement in thermal 

resistance. The relative material change was–

99.2722%, suggesting that palm wax incorporation 

contributed to more stable decomposition 

intermediates and reduced volatilization. 

Overall, the addition of 5% palm wax in 

modified bioresin A1 moderately enhanced the 

thermal stability of rosin, primarily through the 

formation of crystalline regions that stabilized the 

polymeric backbone during thermal stress. However, 

the improvement was less pronounced than modified 

bioresin A2, which exhibited higher Tg, Td, and 

residue.  

The DSC curve of modified bioresin A2 showed 

a well–defined glass transition at around 140 °C, 

which corresponds to the melting of palm wax 

crystalline domains. Compared to modified bioresin 

A1, the increase in palm wax content to 10% produced 

a sharper and slightly higher melting peak, confirming 

the reinforcement of crystalline order within the rosin 

matrix. This observation suggests that a higher palm 

wax concentration leads to a more significant 

crystalline contribution, which is consistent with wax–

rich composites where increased crystallinity 

improves rigidity and barrier performance [52]. 

The relative material change was around                     

–89.179%, which is greater than modified bioresin A1. 

This improved char formation suggests that palm wax 

not only increases crystalline stability but also 

contributes to the generation of thermally stable 

residues, an advantage for applications requiring high 

thermal resistance and oxidative durability. 

When compared to pure rosin, which typically 

shows thermal degradation at 215–295 °C [53], 

modified bioresin A2 demonstrates significant 

improvements in both thermal stability and structural 

integrity. The higher crystallinity imparted by 10% 

palm wax further reduces the brittleness of pure rosin, 

while providing better resistance to thermal 

decomposition. 

Overall, modified bioresin A2 shows superior 

thermal performance and structural reinforcement 

compared to modified bioresin A1. These 

characteristics make A2 particularly promising for 

applications where rigidity, barrier strength, and high–

temperature stability are crucial, such as fruit coatings 

requiring oxidative resistance, or packaging films 

designed for extended shelf life. 
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The DSC thermogram of modified bioresin A3 

displayed an endothermic transition around 55 °C, 

which corresponds to the melting of palm wax 

crystalline regions. Compared with modified bioresin 

A1 and A2, the melting peak in A3 became more 

pronounced and shifted slightly to a higher 

temperature, confirming that increasing palm wax 

loading enhances crystalline ordering within the rosin 

matrix. This reinforces the role of palm wax as a 

crystallinity–promoting additive, which improves 

rigidity and dimensional stability [11]. 

The TGA curve revealed a major mass loss of 

around 93.8764%, occurring primarily at 410 °C. Tg 

was approximately 230 °C, which is higher than A1 

(90 °C) and A2 (140 °C), suggesting that the addition 

of 15% palm wax further delays the initial 

decomposition of the resin. Td was observed on 410 

°C, higher than A1 (370 °C) and A2 (395 °C). This 

indicates that increasing palm wax concentration 

improves the thermal stability of the resin by 

reinforcing the matrix with crystalline domains that 

act as thermal barriers. 

Interestingly, the residual mass decreased to 

approximately -93.8764%, which is lower than A2. 

This reduction suggests that at high palm wax loading, 

the increased hydrocarbon–rich content of palm wax 

results in more volatile decomposition products and 

reduced char yield, despite enhancing crystalline 

stability during heating. Thus, while palm wax 

improves Tg and Td, excessive addition reduces char 

stability, reflecting a trade–off between crystallinity 

reinforcement and final residue formation. 

In summary, modified bioresin A3 exhibited the 

highest Tg and Td among the modified bioresin A–

series, confirming superior thermal resistance. 

However, its reduced char residue compared with A2 

highlights that there may be an optimal palm wax 

loading beyond which additional content does not 

proportionally enhance overall thermal robustness. 

These findings are particularly relevant for 

applications requiring thermal durability but not 

necessarily high char yield, such as biodegradable 

packaging films and coatings. 

For the modified bioresin A–series, Td values 

ranged from 370–410 °C, showing slight variation 

with palm wax loading. The incorporation of 5% palm 

wax (Bioresin A1) reduced Td (370 °C, -29.6 mW), 

consistent with a plasticization effect that increases 

chain mobility [54]. Interestingly, bioresin A2 (10% 

palm wax) and bioresin A3 (15% palm wax) both 

displayed higher Tg (140 °C, -2.94175 mW and 230 

°C, 25.8184 mW, respectively), suggesting enhanced 

intermolecular interactions and denser packing at 

higher palm wax ratios. The melting transitions 

gradually increased from 40 °C (A1) to 55 °C (A3), 

indicating improved crystalline ordering with 

increasing palm wax content.  

Thermal degradation shifted toward higher 

values at 410 °C for A3, compared to 370 °C in A1, 

reflecting improved thermal stability with higher wax 

incorporation. Td for modified bioresin A was 370–

410 °C, higher than that of pure rosin (215–295 °C), 

confirming enhanced thermal stability due to palm 

wax incorporation. This improvement is beneficial for 

packaging and food–contact composites where 

thermal processing is required [55]. DSC analysis 

revealed a glass transition at 90–230 °C and a Tm of 

40–55 °C, reflecting the crystalline contribution of 

palm wax. These transitions enhance rigidity and 

thermal endurance, supporting applications in 

packaging where moderate heat resistance is required 

[56]. 

 

3.2.2  DSC–TGA of Modified Bioresin B  

 

Figure 5 shows the DSC–TGA thermograms for 

modified bioresin B1, B2, and B3. Table 3 presents a 

summary of the values of Tm, Tg, and Td for modified 

bioresin B and Table 4 describes relations between 

relative material change with Tm, Tg and Td in 

modified bioresin B.

 

Table 3: Relationship between heat flow with melting point, transition point and degradation point in modified 

bioresin B. 
Modified 

Bioresin 

T_melting T_glass transition T_degradation 

Temp (°C) Heat flow (mW) Temp (°C)  Heat flow (mW) Temp (°C) Heat flow (mW) 

Bioresin B1 90 -4.16873 150 -17.013 400 36.8167 

Bioresin B2 40 -3.73254 60 -7.89598 390 23.1436 

Bioresin B3 60 -7.06726 180 -0.208859 370 7.50604 
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Table 4: Relations between relative material change with melting point, transition point and degradation point 

in modified bioresin B. 
Modified 

Bioresin 

T melting T glass transition T degradation 

Temp (°C) Material change (%) Temp (°C) Material change (%) Temp (°C) Material change (%) 

Bioresin B1 90 -1.36349 150 -0.454073 400 -91.4886 

Bioresin B2 40 -0.011479 60 -0.49633 390 -86.5021 

Bioresin B3 60 -0.004054 180 -0.6411 370 -99.9642 

 
(A) 

 
(B) 

 
(C) 

Figure 5: DSC–TGA analysis of (A: Bioresin B1), (B: 

Bioresin B2), and (C:  Bioresin B3). 

 

The incorporation of palm wax and microwax in 

different proportions (5, 10, and 15%) significantly 

modified the thermal response of modified bioresin, as 

revealed in the DSC–TGA thermograms (Figure 5). 

The DSC thermogram of modified bioresin B1 

displayed two overlapping endothermic peaks in the 

low–temperature region: one at 63–68 °C attributed to 

palm wax melting, and another at 72–76 °C associated 

with microwax crystallites. 

The dual–peak behavior suggests multimodal 

crystalline populations, which provide heterogeneous 

nucleation sites within the resin. The TGA curve 

revealed Tg 150 °C, with Td at 400 °C. The residual 

material change was around -91.4886%, indicating 

enhanced carbonization due to wax incorporation. 

Increasing the wax content to 10% (Modified 

bioresin B2) broadened the melting endotherm into a 

less distinct region between 60–75 °C, reflecting 

overlapping crystallite melting. This blending effect 

suggests partial miscibility between palm wax and 

microwax, which reduces the sharpness of individual 

melting signals. T–glass transition was 60 °C, with T–

degradation shifting to around 390 °C, showing a 

stabilization effect. Residual mass increased to 

approximately -86.5021%, likely due to more volatile 

wax decomposition competing with char formation. 

In bioresin B3, the DSC showed a broader but 

weaker endothermic transition spanning 60–78 °C, 

with the microwax contribution largely suppressed. 

This indicates disruption of crystalline order at higher 

loadings, producing more amorphous domains. TGA 

data revealed Tg of 180 °C and Td at around 370 °C. 

The modified bioresin B-series exhibited Tg 

values between 60–180 °C, with the highest Tg 

observed in modified bioresin B3 (180 °C, -0.208859 

mW). The addition of microwax influenced both 

crystallinity and chain rigidity. A modest addition of 

5% microwax (Bioresin B1) yielded Tg at 150 °C, and 

higher incorporation (15%) increased Tg, confirming 

a reinforcement effect from the long–chain 

hydrocarbons of microwax [57]. Melting temperatures 

ranged from 40–90 °C, with heat flow values 

suggesting partial crystallinity. 

Overall, the results demonstrate that balanced 

incorporation of palm wax and microwax enhances 

both crystallinity and thermal stability, with 10% wax 
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loading (Bioresin B2) emerging as the most favorable 

compromise between stability and structural integrity. 

The presence of two transitions confirms that palm 

wax and microwax crystallites coexist in the matrix, 

yielding multimodal crystallite populations. This 

broadened melting profile is advantageous for tuning 

softening characteristics in biocomposite applications. 

The TGA results were consistent with a one–step 

thermal degradation pathway, with total mass losses 

exceeding 90% and Td around 390 °C. 

3.2.3  DSC–TGA of Modified Bioresin C 

 

Figure 6 shows the DSC–TGA thermograms for 

modified bioresin C1, C2, and C3. Table 5 presents a 

summary of the values of Tm, Tg, and Td for modified 

bioresin C and Table 6 describes relations between 

relative material change with Tm, Tg and Td in 

modified bioresin C.

 

Table 5: Relationship between heat flow with melting point, transition point and degradation point in modified 

bioresin C. 
Modified 

Bioresin 

T_melting T_glass transition T_degradation 

Temp (°C) Heat flow (mW) Temp (°C) Heat flow (mW) Temp (°C) Heat flow (mW) 

Bioresin C1 50 -5.57669 190 -9.80042 400 33.8086 
Bioresin C2 50 -0.17777 190 -0.89145 390 64.2556 

Bioresin C3 50 -0.3996 180 -23.2485 390 41.2769 

 

Table 6: Relations between relative material change with melting point, transition point and degradation point 

in modified bioresin C. 
Modified 

Bioresin 

T melting T glass transition T degradation 

Temp (°C) Material change (%) Temp (°C) Material change (%) Temp (°C) Material change (%) 

Bioresin C1 50 -0.011688 190 -1.34039 450 -98.0321 

Bioresin C2 50 -2.54792 190 -13.0748 450 -81.2156 

Bioresin C3 50 -0.593391 180 -0.88466 450 -99.9642 

 
(A) 

 
(B) 

 
(C) 

Figure 6: DSC–TGA analysis of (A: Bioresin C1), (B: Bioresin C2), and (C:  Bioresin C3).
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Modified bioresin C exhibited a markedly 

different behavior. The incorporation of olein into 

rosin produced distinct modifications to the thermal 

and structural properties of the resulting bioresins. 

Unlike crystalline wax modifiers, olein is a liquid 

triglyceride that acts primarily as a plasticizer, 

reducing molecular packing and weakening crystalline 

order. 

DSC thermograms revealed that all modified 

bioresin C–series formulations exhibited weak or 

absent melting endotherms compared to the sharper 

transitions of palmwax– or microwax–modified 

systems. In modified bioresin C1, a broad thermal 

event was still observable, but at bioresin C2 and 

especially bioresin C3, the signal became diffuse, 

indicating a progressive transition toward an 

amorphous structure. This suppression of crystallinity 

is consistent with olein’s liquid nature, which disrupts 

regular molecular packing and enhances chain 

mobility within the resin matrix. 

Thermogravimetric analysis showed that olein 

incorporation reduced thermal stability relative to pure 

rosin and other bioresin series. Tm for modified 

bioresin C1, C2 and C3 was 50 °C. Tg was 190 °C 

(Bioresin C1), 190 °C (Bioresin C2) and 180 °C 

(Bioresin C3). This downward trend confirms that 

olein lowers the resistance of the resin matrix to 

thermal decomposition. 

Relative material change for modified bioresin 

C1, C2, and C3 was -98.0321%, -81.2156% and -

99.9642%, respectively, reflecting the volatile and 

oxidative susceptibility of olein. Unlike palmwax or 

microwax, olein contributed little to char formation, 

indicating that its thermal degradation pathway favors 

volatilization over stable residue generation. 

The results highlight a clear plasticizing effect of 

olein on rosin bioresins. While thermal resistance is 

compromised, the enhanced amorphous character may 

provide benefits in terms of flexibility, toughness, and 

processability. Such properties could be advantageous 

for applications requiring softer, more ductile matrices 

rather than rigid, heat–resistant systems. In this 

context, olein–modified bioresins are not optimized 

for high–temperature applications but may serve well 

as flexible binders or coatings in biocomposites, 

complementing the stiffer, more crystalline matrices 

of palmwax and microwax-based systems. 

Unlike the wax-containing systems, no sharp 

low–temperature melting peak was detected. Instead, 

the DSC curve showed a smooth, broad baseline shift 

in the 40–80 °C range, consistent with plasticizer–

induced softening rather than crystalline melting. 

Olein, being a liquid triglyceride, disrupts crystalline 

packing and enhances the amorphous fraction, leading 

to increased chain mobility of the rosin matrix. This 

confirms olein’s role as a plasticizer rather than a 

crystallinity inducer. The TGA thermogram indicated 

Tg 180–190 °C and Td around 450 °C. 

Overall, the DSC–TGA results demonstrate that 

the type of modifier strongly influences the low–

temperature thermal response of the bioresins. Palm 

wax and microwax contribute sharp melting peaks, 

indicative of crystalline microdomains, whereas olein 

suppresses crystallinity and induces amorphous 

plasticization. In all cases, the resins retained good 

thermal stability with Tg values above 190 °C, 

supporting their potential utility as biobased matrices 

for thermally processed biocomposites. 

The melting, glass transition, and degradation 

behavior of the modified bioresins show clear 

structural differences driven by the type of modifier 

added to rosin.  In the modified bioresin A, melting 

temperatures were low to moderate (40–55 °C across 

A1–A3), with corresponding heat flow values of -1.46 

to -4.01 mW. These modest endotherms reflect the 

formation of semi–crystalline domains contributed by 

palm wax. The glass transition temperatures increased 

substantially with formulation concentration (A1: 90 

°C, A2: 140 °C, A3: 230 °C), indicating enhanced 

molecular packing as palm–wax crystallinity 

developed. The degradation temperatures (370–410 

°C) further confirm increased thermal resistance in 

higher–palm–wax variations. This behavior aligns 

with palm wax’s long–chain esters forming ordered 

domains that stabilize the matrix. 

In the modified bioresin B, the highest melting 

temperatures among all samples were observed in B1 

(90 °C) and B3 (60 °C), with ΔH values reaching -7.07 

mW in B3, indicating a dense crystalline structure. 

Microcrystalline wax strengthens crystallization 

networks, and this is reflected in the moderately high 

glass transition temperatures (B1: 150 °C, B3: 180 °C) 

and high degradation temperatures (B1: 400 °C, B3: 

390 °C). These formulations also show stronger 

thermal stability than the A–series, particularly B1 and 

B3, which reached 400 °C and 390 °C before 

degradation. Even B2, which combines low melting 

temperature (40 °C) and low Tg (60 °C), still 

maintained a relatively stable Td (370 °C). 

Collectively, the B–series numerical data confirm that 

microcrystalline wax substantially reinforces the 

internal structure. 

The modified bioresin C exhibited lower melting 

temperatures (50 °C for all samples) and significantly 
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lower heat flow values in some samples (C2: -0.18 

mW, C3: -0.40 mW), consistent with reduced 

crystallinity. Olein, functioning as a plasticizer, 

disrupted crystal formation and decreased structural 

rigidity. Although Tg values remained relatively high 

(180–190 °C), the endothermic transitions were broad 

and shallow, indicating amorphous or loosely packed 

structures. Degradation temperatures ranged from 

390–400 °C, showing that olein does not compromise 

high–temperature decomposition resistance but does 

soften the matrix substantially.  These numerical 

trends establish a consistent pattern: B–series > A–

series > C–series in crystalline reinforcement, with 

melting temperatures ranging from 40 to 90 °C, Tg 

from 60 to 230 °C, and Td from 370 to 410 °C 

depending on modifier chemistry. 

 

4 Structure–Property Relationships 

 

The relationships between the resin structure (rosin 

backbone), modifiers (palm wax, microwax, olein), 

and the resulting properties can be summarized as 

follows: 

In modified bioresin A–series, palm wax 

increases crystallinity and intermolecular packing. 

This shifts Tg from 90 °C to 230 °C and Tm from        

40 °C to 55 °C. Higher crystallinity corresponds to 

improved hardness (A3 harder than A1).  This 

demonstrates that palm wax primarily controls rigidity 

and crystallinity. 

In modified bioresin B–series, microwax can 

either: integrate into crystalline regions to increase 

mechanical rigidity (B1: 8.22 ± 5.25 kg hardness, 

Tg:150 °C, Tm: 90 °C), and disrupt packing to softer 

structures (B2: 13.12 ± 10.43 kg hardness, Tg: 60 °C). 

Thus, microwax behaves as a dual–function modifier, 

making B–series highly tunable for different 

performance targets. 

In modified bioresin C–series, olein could reduce 

crystallinity, maintain high Tg (180–190 °C) due to 

rigid rosin backbone, and produce wide mechanical 

variability (hard C1 to very soft C3). This indicates 

olein acts as a plasticizing network modifier that 

selectively reduces structural coherence. 

The thermal and structural analysis of the 

modified bioresins (Formulations A, B, and C) 

revealed a distinct correlation between their 

physicochemical properties and potential application 

performance. The DSC results showed that 

formulation A exhibited the lowest melting point 

temperature (40–55 °C) and moderate glass transition 

(90–230 °C) with relatively high heat flow of melting 

(-1.5 to - 4 mW), indicating a semi–crystalline yet 

flexible matrix. This balance provides good film–

forming ability and desirable flexibility, making 

formulation A suitable for cosmetic applications such 

as lip balms or ointments, where softening near body 

temperature is advantageous. In contrast, formulation 

B presented slightly higher Tg (60–180 °C) and Tm 

(40–90 °C), together with improved thermal stability 

(Td onset ≈ 370–400 °C), suggesting stronger 

molecular cohesion and enhanced rigidity. These 

properties are beneficial for coating materials that 

require structural integrity, gloss, and heat resistance 

under moderate exposure. Meanwhile, formulation C 

exhibited the highest Tg (≈ 180–190 °C) and Tm (50 

°C) with a lower ΔH, implying a denser and more 

amorphous network with limited molecular mobility. 

The high degradation temperature (Td 450 °C) 

confirms superior thermal stability, which is desirable 

for biodegradable packaging films that must endure 

heat–sealing and storage conditions. Overall, the 

progressive increase in Tg, Tm, and Td values from 

formulation A to C reflects increasing rigidity and 

crosslink density, which directly enhance performance 

requirements across target applications, soft and 

flexible, for cosmetics, intermediate rigidity for 

coatings, and thermally stable for packaging materials. 

This demonstrates a clear property–performance 

correlation that supports the rational design of bioresin 

formulations for specific functional uses. 

The thermal and mechanical behavior of bioresin 

B exhibited positive deviation from the linear rule of 

mixtures when compared to bioresin A (rosin + palm 

wax) and the theoretical additive performance of its 

components. Based on DSC and TGA analyses, the 

incorporation of microwax into the rosin–palm wax 

matrix increased Tg from 90 °C in bioresin A1 to 150 

°C in bioresin B1, and Tm from 40 °C to 90 °C, while 

the degradation onset temperature (Tonset) also rose 

from 370 °C to 400 °C. Such an improvement exceeds 

the prediction of a simple compositional average, 

indicating enhanced cohesive interactions among 

crystalline and amorphous domains. This synergistic 

stabilization is likely attributed to the compatibility 

between the long–chain hydrocarbons of microwax 

and the resin acids of rosin, which enhances van der 

Waals packing and restricts chain mobility. In terms 

of mechanical response, the penetration value 

decreased from 15.06±12.82 kg penetration (A2) to 

8.22 ± 5.25 kg (B2), reflecting a stiffer and less 

deformable surface. Taken together, the combination 
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of higher Tg, Tm, and hardness with moderate thermal 

stability improvement suggests that bioresin B 

achieves an optimal balance between rigidity and 

thermal endurance, suitable for coating or packaging 

applications requiring both strength and heat 

resistance. 

 

5 Hardness  

 

The hardness value of the modified bioresin is 

presented in Figure 7. The hardness testing outcomes 

for Modified Bioresin A1 were recorded as 

13.26±12.17 kg, while for A2, it increased to 

15.06±12.82 kg, and for A3, it decreased to 11.63±4.30 

kg. This information implies that a higher quantity of 

palm wax results in a reduction of the hardness value.  

 

 
Figure 7: hardness value of modified bioresin A-C. 

 

In the context of modified bioresin B, the 

hardness measurement for modified bioresin B1 was 

noted at 8.22±5.25 kg, B2 was noted at 13.12 ±10.43 

kg, and B3 was noted at 9.45±1.99 kg. This data 

suggests that increasing the amount of palm wax in 

conjunction with microwax leads to a diminished 

hardness value. 

Regarding modified bioresin C, the hardness 

measurement for modified bioresin C1 was 9.47±5.61 

kg, for C2 it remained at 9.47±4.65 kg, and for C3 it 

was 9.47±8.10 kg. This information demonstrates that 

a rise in the quantity of palm olein is associated with 

an increase in the hardness value. 

  

5.1  Hardness of modified bioresin A 

 

The hardness values of modified bioresins A did not 

increase linearly with palm wax concentration. At 5% 

palm wax addition, the hardness increased slightly 

compared to pure rosin, while 10% palm wax yielded 

the highest hardness values. Interestingly, when the 

concentration was increased to 15%, the hardness 

decreased below that of the 5% and 10% formulations.  

At low levels of palm wax (5–10%), wax crystals 

can disperse within the rosin matrix and act as 

reinforcing domains, improving rigidity. This 

contributes to higher hardness because the wax 

reduces molecular mobility and enhances 

intermolecular interactions between resin acids and 

the long-chain aliphatic structures of wax. 

Comparable reinforcement effects of crystalline wax 

particles within polymer matrices have been reported, 

indicating that moderate wax loading increased 

rigidity in composite systems by restricting chain 

mobility [58]. 

Beyond a threshold, excess palm wax may no 

longer be well–dispersed but instead form aggregated 

crystalline domains. These domains can act as “soft 

inclusions” within the rigid rosin network, lowering 

hardness. In addition, the long-chain hydrocarbons in 

palm wax can function as plasticizers at higher 

concentrations, increasing free volume and molecular 

mobility. This behavior is consistent with a previous 

study that indicated the excessive wax addition in 

resin–wax formulations promotes plasticization and 

reduces hardness [59]. An optimum concentration of 

palm wax (10%) enhances hardness by reinforcing the 

rosin matrix and reducing chain mobility, but higher 

concentrations (15%) reverse this effect due to 

plasticization and phase separation. 

 

5.2  Hardness of modified bioresin B 

 

The hardness behavior of the B–series modified 

bioresins demonstrates a non–linear relationship with 

increasing palm wax and microwax content. Modified 

bioresin B1 exhibited moderate hardness due to the 

initial reinforcement of the rosin matrix by crystalline 

wax domains. Modified bioresin B2 showed the 

highest hardness values, indicating an optimal 

concentration where crystalline phases from both 

palm wax and microwax interact synergistically with 

rosin. This promotes tighter molecular packing and 

increases microstructural stiffness. Modified bioresin 

B3, however, displayed reduced hardness compared to 

B2 and even lower than B1 in some replicates. This 

decline is likely due to phase separation and excessive 

crystallite aggregation, which weakens the interfacial 

adhesion between the crystalline domains and the 

amorphous rosin matrix. As a result, stress is not 

efficiently transferred across the phases, leading to 

embrittlement and reduced surface hardness. 

The modified bioresin B2 provides an optimal 

balance between crystalline reinforcement and matrix 

compatibility, explaining its superior hardness. Too 
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little wax in modified bioresin B1 gives insufficient 

reinforcement, while too much wax in modified 

bioresin B3 introduces phase separation and 

embrittlement, lowering hardness. 

 

5.3  Hardness of modified bioresin C 

 

The hardness value observed in the C–series shows a 

nonlinear relationship with increasing olein 

concentration. Modified bioresin C1, recorded 

hardness value 9.57, C2: 9.47, and C3: 17.89. 

Olein is a triglyceride that functions as a natural 

plasticizer, increasing molecular free volume and 

chain mobility. In modified bioresin C1 and C2, olein 

reduces intermolecular hydrogen bonding between 

rosin acids, which lowers rigidity and hardness 

compared to pure rosin. This explains why hardness 

decreases from C1 to C2. Similar effects have been 

reported in bioresin and polymer systems where oils 

or fatty acid esters act as plasticizers, reducing 

hardness and increasing flexibility [60]. 

In modified bioresin C3, instead of further 

softening, the system shows a relative increase in 

hardness. This paradox may arise from Oleic 

crystallite formation, which can act as a reinforcing 

filler.  Reduced miscibility at higher olein, leading to 

phase separation that contributes to hardness in 

localized regions. Comparable phenomena have been 

observed in natural resin/oil composites, where higher 

fatty acid or oil content leads to crystallization, 

improving stiffness despite overall plasticization [61]. 

The hardness profile reflects the balance between 

plasticization at low olein concentration (5–10%) and 

microcrystalline reinforcement at higher 

concentration (15%). This explains why hardness 

initially drops but then partially recovers in the C3 

sample, albeit with higher variability. 

The graph presented in Figure 7 depicts two key 

aspects: 1) the average value represented by the height 

of the bars, and 2) the consistency of the data indicated 

by the length of the error bars. The analysis of the 

average bar height reveals that the most challenging 

sample is modified bioresin C at 15%, which exhibits 

the highest average hardness value of approximately 

20.15. Furthermore, a distinct trend is observed in 

modified bioresin C: as the concentration increases, 

the hardness of the bioresin also increases (hardness at 

15% > 10% > 5%). In contrast, the hardness trends for 

modified bioresin A and B are inconsistent. The T line 

(error bars) for modified bioresin B at 15% is notably 

short, indicating that the five replicate data points are 

closely aligned, suggesting consistency and reliability 

in this data. Conversely, the longer lines for modified 

bioresin A and modified bioresin C signify a greater 

variability in their values. From this analysis, it can be 

concluded that there is no statistically significant 

difference in the hardness values among the samples 

of modified bioresin A, B, and C. This indicates that 

the various types of additives (Palm wax, Microwax, 

Olein) do not have a demonstrable impact on hardness. 

Additionally, the different concentrations (5%, 10%, 

15%) also do not appear to influence hardness. There 

is no observed interaction effect between the type of 

additive and its concentration. 

The modified bioresin, as revealed in this 

research, reveals distinct structure–property 

relationships that highlight the innovative aspects of 

this study. In contrast to earlier investigations that 

concentrate on single–component natural waxes or 

straightforward blends, this research methodically 

illustrates how combinatorial formulation strategies, 

incorporating rosin, palm wax, microcrystalline wax, 

and olein, can be employed to deliberately adjust 

thermal transitions, degradation characteristics, and 

hardness performance. 

A significant innovative element is the discovery 

that each structural modifier yields a unique functional 

signature, facilitating predictive tuning of material 

properties. For instance, the addition of 

microcrystalline wax in the B–series markedly raises 

the melting point (up to 90 °C) and glass transition 

temperature (150–180 °C), affirming its function as a 

crystalline reinforcement phase. This synergistic 

effect, where performance surpasses the expectations 

set by the rule–of–mixtures, illustrates that 

microcrystalline wax enhances both rigidity and 

thermal stability beyond the capabilities of palm wax 

or rosin alone. This finding offers a novel perspective 

that has not been explicitly quantified in prior 

literature. 

The C–series proves another innovative 

contribution: olein–induced structural densification, 

where higher levels of olein improve mechanical 

hardness (up to 17.89±8.10 kg in C3). This challenges 

the traditional belief that liquid oils invariably 

function as plasticizers. Conversely, the research 

findings reveal a distinctive phenomenon where olein 

enhances chain packing at elevated loadings, leading 

to increased formulation stiffness despite its liquid 

form. Such behavior signifies a substantial 

advancement in comprehending the dynamics of 

mixed resin–oil systems. 
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The A–series, characterized by palm wax and 

rosin, illustrates that semi–crystalline matrices can be 

designed to optimize thermal and mechanical 

performance, with Tg values ranging from 90 °C to 

230 °C and hardness levels between 12–18 kg. The 

capacity to achieve such varied performance metrics 

represents a significant achievement in the field. 

The relationship between melting behavior, ΔH, 

Tg, Td, and hardness becomes clear when numerical 

values are compared.  Highest crystallinity is seen in 

the B–series, with melting up to 90 °C, ΔH up to -7.07 

mW, Tg up to 180 °C, Td up to 400 °C, and hardness 

value (8.22±5.25 to 13.12±10.43 kg). The B series 

indicates the most rigid and thermally resistant. 

Moderate crystallinity is seen in the A-series, 

with Tm 40–55 °C, ΔH -1.46 to -4.01 mW, Tg 90–230 

°C, Td 370–410 °C, penetration (11.63±4.30 to 

15.06±12.82 kg). The A series show a balanced 

rigidity and flexibility.  Reduced crystallinity is seen 

in the C–series, with Tm 50 °C, ΔH as low as -0.18 

mW, Td 390–400 °C, and hardness value (9.47±4.65 

to 17.89±8.10kg).  The C series become softest and 

most ductile. 

The direct numerical correlation confirms: 

higher melting temperature and ΔH will become 

higher hardness. Meanwhile, lower ΔH and constant 

low melting will produce softer material.  

Accordingly: B–series is best suited for rigid coatings, 

structural waxes, or protective films. A–series fits 

applications requiring moderate stiffness (e.g., 

printing inks, intermediate coatings). C–series aligns 

with flexible packaging, cosmetics, and formulations 

requiring softness and spreadability. 

 

6 Conclusions 

 

This study introduces a renewable, customizable 

bioresin system based on rosin modified with palm 

wax, microwax, and olein, aimed at replacing 

petroleum-derived waxes and resins in sustainable 

packaging, coating, and cosmetic applications. The 

innovative aspect lies in tunable thermal–mechanical 

performance derived solely from biobased modifiers, 

enabling precise control of melting point (40–90 °C), 

glass transition (60–230 °C), hardness (8.22 ± 5.25 kg 

to 17.89 ± 8.10 kg), and thermal degradation stability 

(370–410 °C). Unlike previous studies that report 

single-component bioresins, this work demonstrates a 

structure–property design strategy where crystallinity, 

molecular mobility, and cohesive energy density can 

be engineered through modifier selection. 

Palm wax enhanced crystalline rigidity 

(Modified Bioresin A-series), microwax provided 

dual-function structuring or plasticizing behavior 

(Modified Bioresin B-series), and olein enabled 

flexible phase-modified networks (Modified Bioresin 

C-series), showing that formulations can be tailored 

for specific end-use functions. The resulting materials 

are thermally robust (Td ≥ 370 °C), mechanically 

competitive with synthetic resins, and based entirely 

on renewable feedstocks. These findings position the 

modified bioresins as viable candidates for 

biodegradable packaging films, cosmetic matrices, 

and surface-protection coatings, while highlighting 

scalable pathways for green materials engineering. 
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