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Abstract 

The development of thermally stable and sustainable polymer composites reinforced with natural fibers has gained 

considerable interest for advanced engineering applications. Oil palm fibers, an industrial waste of oil mills has been utilized 

as reinforcement in resole type phenol formaldehyde resin for composite fabrication. The crystallization kinetics and thermal 

behavior of untreated and acrylonitrile grafted oil palm fiber reinforced phenol-formaldehyde composites have been 

systematically investigated and compared. Differential Scanning Calorimetry (DSC) was employed to examine the non-

isothermal crystallization behavior of the composites. Key thermal parameters, including, crystallization temperature, 

enthalpy of crystallization and glass transition temperature (Tg) were determined from the DSC thermograms. The activation 

energy of crystallization was evaluated using established kinetic models to gain insight into the nucleation and growth 

mechanisms during crystallization. The effect of fiber-matrix interaction resulting from surface modification is apparent on 

the thermal behavior of the composite. These findings provide important insight into the structure-property relationship of 

chemically modified oil palm fiber reinforced phenol-formaldehyde composites and demonstrate their potential for 

applications requiring thermally stable, environmentally sustainable composite materials. 
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Introduction 

Natural resources are diminishing and the need of wood-based 

products for household chores is never lasting. In this scenario 

natural fiber reinforced composites may be the solution for 

simultaneously preserve the natural resources and development 

of sustainable new material
1
.  In recent decades, natural fiber 

reinforced polymer composites have attracted considerable 

attention as sustainable alternatives to conventional wood-based 

products and synthetic fiber reinforced composites. Oil palm 

fibers, obtained from agricultural residues of the palm oil 

industry, represents an abundant and renewable lignocellulosic 

resource
2
.  

 

The utilization of oil palm fibers in polymer composites not 

only enhances thermal and mechanical performance of the 

matrix but also provides an environmentally sustainable 

solution for the management of agro-industrial waste
3,4

. Natural 

fiber reinforced composites are biodegradable, have low density 

and are cost effective, which makes them favorable for several 

engineering applications. Natural fibers such as jute, sisal, 

bamboo, coir, pineapple and oil palm fibers have been widely 

investigated as reinforcement materials in thermosetting and 

thermoplastic polymer matrices
5
. Among the various 

thermosetting polymers, phenol-formaldehyde (PF) resin is 

particularly useful due to its excellent thermal stability, flame 

resistance, dimensional stability and chemical resistance
6
. 

Natural fiber reinforced composites have found applications in 

building and construction materials, automotive and automobile 

industries, packaging and furniture industries
7,8

. In the 1940s 

Henry Ford introduced the use of natural fiber composite for 

automotive components. Later natural fiber composites have 

been used in the interior of vehicles such as BMW, Mercedes  

and Audi
9,10

. 

 

However, the hydrophilic nature of natural fibers and the 

hydrophobic nature of polymer matrices often lead to poor 

interfacial adhesion, which adversely affects the overall 

properties of the composites
11

. Therefore, chemical 

modification of natural fibers has been widely employed to 

improve fiber-matrix interaction and enhance the performance 

of the resulting composites
12,13

. Among the various surface 

modification techniques, grafting reactions are particularly 

effective in altering the surface characteristics of natural fibers. 

Acrylonitrile grafting introduces polar nitrile functional groups 

onto the fiber surface, which can significantly improve 

compatibility with the resin matrix and enhance the interfacial 

bonding
14

. This modification not only improves mechanical 

properties but also influences the thermal behavior and 

crystallization characteristics of the composite system. 

Improved interfacial adhesion can alter the nucleation behavior 

of the composite, thereby affecting crystallization kinetics and 

the overall thermal performance of the composite material. 
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Understanding the crystallization kinetics of polymer 

composites is essential for optimizing processing conditions and 

predicting the final material properties
3
. Differential scanning 

calorimetry (DSC) is widely used to investigate crystallization 

processes under non-isothermal conditions. From DSC analysis, 

parameters such as crystallization temperature, enthalpy of 

crystallization and crystallization rate can be determined. 

Kinetic models developed by Kissinger and Matusita are 

commonly applied to evaluate the activation energy of 

crystallization and to understand the nucleation and growth 

mechanisms of the composites
15,16

. Apart from crystallization 

kinetics, other thermal parameters such as the glass transition 

temperature (Tg), enthalpy released during crystallization and 

thermal stability are crucial in determining the performance of 

polymer composites
17

. The glass transition temperature reflects 

the mobility of polymer chains and indicates the transition from 

a rigid glassy state to a more flexible rubbery state. These 

parameters collectively determine the applicability of the 

composite materials in high-temperature or thermally 

demanding environments
18

. 

 

Several investigations have been reported on the thermal 

properties of natural fiber reinforced PF composites, studies 

focusing on the crystallization behavior, activation energy of 

crystallization, enthalpy release, glass transition temperature and 

thermal stability of chemically modified oil palm fiber 

reinforced PF systems remain relatively limited. The present 

study aims to investigate the crystallization kinetics and thermal 

behavior of acrylonitrile grafted oil palm fiber reinforced 

phenol-formaldehyde composites and to compare these 

properties with those of untreated oil palm fiber reinforced 

composites
15,16

. The results are expected to provide deeper 

insight into the structure-property relationships governing 

chemically modified oil palm fiber reinforced PF composites 

and contribute to the development of improved sustainable 

composite materials for advanced engineering applications. 

 

Materials and Methods 
  

Materials: Material for the composite fabrication were 

procured from the following sources. 

 

Table-1: Material and Suppliers. 

Material Supplier 

Oil-palm empty fruit 

bunches 

Oil Palm India Ltd., Kottayam, 

Kerela, India 

Phenol-formaldehyde 

resole type resin 

West Coast Polymers Pvt. Ltd, 

Kannur, Kerala, India 

 

Oil palm fiber Details: Oil-palm fiber is rich in cellulose 

content and contains holocellulose and lignin about 65% 

(ASTM D 1106) and 19% (ASTM D 1104) respectively. 

Density and diameter of oil-palm fiber vary from 0.7-1.55g/cm
3
 

and from 50-500μm respectively. Scanning electron microscope 

(SEM) studies reveals the presence of micro-pores and wax like 

layer on the surface of the oil-palm fiber as shown in Figure-1. 

  

Acrylonitrile grafting of the fibers: Fibers were bleached with 

2% alkali for 30 min and then oxidized with 0.02 ml
-1

 KMnO4 

(liquor ratio, 1:150) for 10 min.  They were then washed with 

water after which they were placed into 1% H2SO4 containing 

acrylonitrile in the ratio 30:1. After this treatment, the fibers 

were then placed in a thermostatic water bath at 50
0
C for 2 h. 

They were then washed and dried. These grafting fibers were 

isolated from any homo-polymer formed (PAN) by soxhlet 

extraction using dimethyl formamide. 

 

Composite Fabrication: Fibers from oil-palm empty fruit 

bunches were obtained by retting process. In retting process 

fruit bunches were kept in water for a long time to remove the 

pithy material from the fibers. Fibers were then washed and 

dried at 60
0
C. The dried fibers were acrylonitrile grafted as 

described in the previous sections to obtain treated fibers. Fibers 

were then chopped into 40 mm length segments. Randomly 

oriented mats of the oil palm fibers were prepared by the hand 

lay-up method and this was followed by compression molding 

at 100
0
C for about 30 min. All these chemicals used for the fiber 

surface modifications were reagent grade. Acrylonitrile grafted 

oil palm fiber reinforced composite has 40% fiber loading by 

weight. 

 

 
Figure-1: Oil palm fiber surface (x 400). 

 

 
Figure-2: Surface topology of acrylonitrile grafted Oil palm 

fiber (x 400). 
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Results and Discussion 

Oil-palm fiber has low lignin and high cellulose content. 

Presence of lignin content in the fiber retards the polymerization 

rate and due to high cellulose content grafting reaction is 

favored. Scanning electron micrograph of grafted oil-palm fiber 

shows the fibrillated porous structure as shown in Figure-2. 

Initiation of longitudinal cracks visible on the grafted surface 

may be due to the presence of grafting material. Matrix resin 

fills the pores and gaps between the fibrils leading to a better 

coupling, which enhances the thermal performance of the 

acrylonitrile grafter composite.  

 

Differential scanning calorimetry (DSC) measurements were 

carried out using a Rigaku 8230 B model equipped with a 

thermal analysis station (TAS 100) to investigate the 

crystallization kinetics of untreated and acrylonitrile-grafted oil 

palm fiber-reinforced composites at various heating rates. The 

instrument offers a temperature precision of ±0.1K. 

Approximately 15mg of each sample was accurately weighed 

using a high-performance balance with a sensitivity of 0.1μg. 

Prior to analysis, the DSC was calibrated using high-purity 

standards of lead (Pb), tin (Sn), and indium (In), each 

possessing well-established melting points. The samples were 

placed in standard aluminum pans and subjected to heating from 

room temperature up to 450°C, at controlled heating rates of 5, 

10, 15, and 20K/min. 

 

 
Figure-3: DSC thermogram of acrylonitrile grafted oil palm 

fiber reinforced composite. 

 

 
Figure-4: In α versus 1000/T graph of acrylonitrile grafted oil 

palm fiber reinforced composite. 

The DSC thermogram of the acrylonitrile-grafted oil palm fiber-

reinforced composite at a heating rate of 10K/min is presented 

in Figure-3. The treated composite exhibits a typical 

crystallization peak along with a subtle secondary crystallization 

peak, consistent with observations reported in our earlier study
3
. 

The activation energy associated with the non-isothermal 

crystallization process was evaluated using Kissinger’s 

equation, as expressed in the corresponding equation.  

ln(α
n
 /Tp

2
) + ln K = - mEc /RTp     (1) 

 

In this relation, K is a constant that incorporates factors related 

to the thermal history of the samples, while n and m are 

constants (ranging from 1 to 4), dependent on the morphology 

and growth characteristics of the composite. The term α denotes 

the heating rate, and Tₚ represents the peak crystallization 

temperature. The activation energy, expressed as (m/n)Ec, was 

determined from the slope of the linear plot of ln α versus 1/Tₚ, 

as illustrated in Figure-4. The calculated values of activation 

energy of untreated and acrylonitrile-grafted oil palm fiber-

reinforced composite are summarized in Table-1. 

 

 
Figure-5: ln[-ln(1-x)] versus 1000/T curve of acrylonitrile 

grafted fiber reinforced composite. 

 

 
Figure-6: ln[-ln(1-x)] versus ln α curve of acrylonitrile grafted 

oil palm fiber reinforced composite. 
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Table-1: Activation energy, kinetic parameters, (Tc –Tg) data and enthalpy released during crystallization for untreated and 

acrylonitrile grafted composites. 

Composite 

Activation energy (Ec) (kJ/mol) 

Tc –Tg (K) 
ΔHc 

(mcal/mg K) Kissinger’s 

Equation (Ec) 

Matusita’s equation 

n m Ec 

Untreated 130.40 1.29 1 144.86 228.0 594.23 

Acrylonitrile grafted 167.21 1.11 1 136.88 255.5 266.47 

 

Matusita’s equation for a non-isothermal crystallization process 

is given as  

ln[-ln(1-x)]=-nln(α)–1.052mEc/RT+ constant                           (2) 

Where, x represents the crystallized fraction at a given constant 

heating rate, while n and m are numerical parameters associated 

with the nucleation mechanism. 

 

The activation energy for crystallization was determined from 

the slope of the plot of ln[-ln(1-x)] versus 1/T at different 

heating rates for all composites, as illustrated in Figure-5 for the 

acrylonitrile-grafted composite. The values of mEₐ obtained at 

various heating rates for the acrylonitrile fiber-reinforced 

composite exhibit only a weak dependence on the heating rate. 

Therefore, an average value of mEc was considered for 

subsequent calculations. 

 

The Avrami’s exponent (n) was evaluated from the slope of the 

plot of a ln[-ln(1-x)] versus ln α. Figure-6 presents the 

corresponding data for the acrylonitrile-grafted oil palm fiber-

reinforced composite at different temperatures. The calculated 

values of the Avrami’s exponent are 1.29 for the untreated 

composite
3
 and 1.11 for the treated composite, indicating that 

crystallization in these systems proceeds predominantly through 

surface nucleation accompanied by one-dimensional growth. 

 

The activation energies calculated using both approaches are 

summarized in Table-1. The observed variation in activation 

energy values obtained from Kissinger’s and Matusita’s 

equations can be attributed to the differing assumptions and 

approximations inherent in these models. Kissinger’s equation 

primarily describes the dependence of the peak crystallization 

temperature on the heating rate. It assumes that the 

transformation under non-isothermal conditions follows first-

order reaction kinetics (n=1), without incorporating the concepts 

of nucleation and crystal growth. In contrast, Matusita and co-

workers developed their model based on the premise that 

crystallization proceeds through nucleation and growth 

mechanisms rather than an nth-order reaction. This approach 

accounts for different crystallization modes, including bulk 

crystallization with two- or three-dimensional growth, as well as 

surface crystallization with one-dimensional (linear) growth, for 

a more accurate evaluation of the activation energy (Ec). 

Notably, Matusita’s equation is independent of the heating rate, 

and the slight variations observed in Ec values at different 

heating rates fall within the experimental error range. 

Furthermore, beyond providing activation energy, Matusita’s 

model also enables the determination of the Avrami exponent 

and offers insight into the dimensionality of crystal growth. 

 

The thermal stability of the composites can be accessed through 

their glass transition temperature (Tg) and crystallization 

temperature (Tc)
19,20

. An increase in Tg for the treated 

composites indicates restricted molecular mobility due to 

improved interfacial bonding between the fiber and matrix. 

Similarly, a shift in Tc reflects changes in crystallization 

behavior, suggesting enhanced structural ordering. Overall, 

higher Tg and Tc values for the acrylonitrile-treated composites 

imply improved thermal stability compared to the untreated 

system. 

 

The difference between the crystallization temperature and the 

glass transition temperature is a strong indication of thermal 

stability of the composites, i.e. higher the value of (Tc - Tg) 

greater is the thermal stability (6). Acrylonitrile grafted oil palm 

fiber reinforced composite has minimum value of ΔHc and 

maximum thermal stability
17

. 

 

Conclusion 

A weak dependence of crystallization temperature on the 

heating rate is observed for both untreated and treated 

composites, indicating a consistent crystallization behavior 

under non-isothermal conditions. The activation energies 

obtained from both models are in close agreement, confirming 

the reliability and validity of the applied kinetic approaches. The 

comparable crystallization energy values for untreated and 

chemically treated composites further suggest that the 

nucleation mechanism remains essentially unchanged after 

treatment. 

 

The acrylonitrile-grafted oil palm fiber-reinforced composite 

exhibits surface nucleation with one-dimensional growth, along 

with a faint secondary crystallization peak, which may be 

attributed to heterogeneous structural regions or secondary 

crystallite formation. Notably, grafting significantly enhances 

the thermal stability of the composite, as evidenced by improved 

thermal parameters, while also delaying the crystallization 

process, possibly due to restricted chain mobility and improved 
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interfacial interactions. Overall, although acrylonitrile treatment 

modifies the thermal behavior and stability, it does not alter the 

fundamental mechanism of nucleation, highlighting its role in 

enhancing performance without disrupting the inherent 

crystallization pathway. 
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