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Today, social awareness of the environmental im-
pacts of plastics is increasing, and therefore en-

vironmentally friendly materials are sought for the 
plastics industry [1–4]. For this reason, in addition to 
being environmentally friendly, the tendency towards 
natural fibers is increasing due to their low cost, easy 
processing, low density, good corrosion resistance, 
and high strength in wide industrial applications [5-8, 
9-14]. Moreover, natural fibers become an alternative 
to glass fibers by being applied to reinforced polymer 
composites and natural-based resins, as they contain 
hydrogen bonds and other bonds that reinforce the 
structure [15,16]. The use of bio-fibers as substitutes 
for synthetic fibers (carbon, and glass) as fillers in the 
development of polymer matrix composites has att-
racted much attention [17].

There is increased awareness about the properties 
of natural fiber-based epoxy composites to meet engi-
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neering requirements [18]. The use of epoxy composite 
materials reinforced with natural fibers is increasing 
strongly in many industrial areas, especially in the auto-
motive sector [19-23], in civil construction [20], and ma-
rine production [21] due to their low cost of processing. 
German carmakers, soon followed by other manufactu-
rers, took the lead in introducing natural fiber composi-
tes for interior and exterior applications; parcel shelves, 
door panels, mirror casing, backrests, voltage stabilizer 
cover, seat cushions, dashboard parts, projector cover 
helmet, roof linings, etc. In the civil construction area, 
they can be used for; beams, building panels, roofing 
products, autoclaved cement composite, and water 
tanks. For shipbuilding, the adoption of green composi-
tes can potentially represent a valid substitute for fiberg-
lass. These include both purposely grown and harvested 
fibers, as well as those recovered from agricultural was-
te. Thanks to their recyclability and renewability, bio-
composites allow them to comply with more and more 

A B S T R A C T

In this research, some physical and chemical properties of the biocomposite obtained 
from synthesized epoxy modified palm oil (MPO) and epoxy resin have been character-

ized. The experimental study plan is made according to Response Surface Methodology 
(RSM) and biocomposites with different MPO rates are obtained. The chemical bond 
structure of MPO and epoxy biocomposite has been evaluated with Fourier Transform In-
frared Spektrofotometre (FTIR). The experimental and RSM model results obtained, the 
density of the biocomposite rise as the MPO rate increases. It is determined that the Shore 
D hardness of the biocomposite is inversely proportional to the MPO rate by mass. As the 
MPO ratio (wt.%) increases in the biocomposite, the thermal conductivity coefficient and 
thermal stability also raise. In the thermal decomposition experiments of the obtained 
biocomposite, it is observed that the thermal stability of the composite goes up as the 
MPO rate rises. Activation energies are calculated using the Flynn Wall Ozawa, Kissinger, 
and Coats Redfern models. The activation energies calculated for the 9th, 2nd, and 13th 
experiments according to the Flynn Wall Ozawa method are approximately 139.65, 143.56, 
and 145.28 kJ/mol, respectively. The function 1.273( )( 1 )f α= −  with the highest R2 value has 
been determined according to the Coats Redfern method, and the deviation in Flynn Wall 
Ozawa and Kissinger model results was below 7%. 

INTRODUCTION 
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ment, surface coating modified with coupling agents, and 
in situ compatibilization during processing depending on 
the practical applications. Mercerization, a chemical treat-
ment using alkali, is widely used to fibrillate and purify fi-
bers (partially removing oil, wax, pectin, hemicellulose, and 
lignin) before composite fabrication.

For example, Rihayat et al. [35] and Wang et al. [36] 
have reported that biocomposites treated with alkaline solu-
tions and silane fusing agents have twice the tensile strength 
of composites without temporary treatment. Mahmoud et 
al. [37], Kang and Kim [38] reported an increase in tensi-
le strength, modulus of elasticity, and moisture resistance 
of biocomposites with the coupling agent in the composite 
matrix. Alkalisation refers to the treatment of fibers in an 
alkaline solution by dissolving some unstable fiber compo-
nents such as hemicellulose, lignin, pectin, and other impu-
rities so that the surface of the fiber becomes cleaner and 
rougher, which results in better mechanical interlocking 
between the fiber and the polymer. Lee and Wang [39], and 
Fan [40] have found that bamboo fibers treated at 6% NaOH 
produce the highest tensile properties of single fibers and 
matrix adhesion strength. Similar studies on other natural 
fibers using 5% NaOH concentration revealed comparable 
results, with higher NaOH concentrations causing a decrea-
se in mechanical properties.

In many studies in the literature, vegetable oils have 
been modified and used in the synthesis of composites. Es-
pecially, biocomposite production can be made as a result of 
the epoxidation of triglyceride structures found in vegetable 
oils [41]. For example, when palm oil is modified by various 
processes, a biopolymer can be easily obtained by a chemi-
cal reaction [42]. It is known that the synthesized biocompo-
site, in which palm oil is used in the production of polyester 
composites, improves some of the thermophysical proper-
ties [43]. Evaluation of such similar sources in the produc-
tion of biocomposites with epoxy resin is becoming more 
and more common. Because the epoxidation of triglyceride 
structures in vegetable oils easily offers many options for the 
development of bio-epoxy composites as raw materials. The 
advantages of the synthesized bio-epoxy composites such as 
being environmentally friendly, more thermally stable, and 
easy to process make such studies important [44].

The original aspect of this research is the synthesis of 
biocomposite using the modified epoxy palm oil. Unlike 
studies in the literature, palm oil has been modified that 
functional epoxy and hydroxyl structures are bonded for 
the production of biocomposite.

This study aims to treatment fiber with alkali where 
had effects on the mechanical properties improvement of 
natural fiber such as increased cellulose content and the 

stringent environmental protection regulations [24,25] imp-
roving also the cost-effectiveness [26]. Increasing the mec-
hanical performance of these materials is a mandatory task 
to spread their use not only in non-structural applications 
but also in semi and proper structural applications limited 
by their failure mechanisms [27].

Vijaya Ramnath et al. [28] conducted a study on the 
evaluation of mechanical properties of abaca–jute–glass 
fiber reinforced epoxy composite and revealed that abaca fi-
ber had the highest flexural strength compared to jute fiber, 
with the values of 12.5 and 11.9 MPa, respectively, since its 
strength increased with improved interfacial adhesion. Be-
sides that, Abaca exhibited more strength when it absorbed 
moisture.

Szolnoki et al. [29] reinforced twill woven hemp fabric 
with epoxy composites and discovered that the modifica-
tion of the fabrics led to decreased flammability of the re-
ference matrix composites, characterized with increased 
limiting oxygen index values and reduced heat release rate 
by 25%. Moreover, composites of modified fabric showed 
improvements in static and dynamic mechanical properties.

Pickering et al. [30] experimented on aligned short 
harakeke fiber (New Zealand flax) mats impregnated with 
epoxy resin. The result showed that these composites were 
found to possess significantly higher tensile properties at 
46% fiber loading, than planar random-oriented short fiber 
composites, with the values of 136 MPa and 76.2 MPa, res-
pectively. The epoxy resin is a feasible polymer, which has 
effective strength, good toughness, and appreciable resilien-
ce. It has good resistance to moisture and chemical attack. It 
also has great electrical insulating properties and is devoid 
of volatile matter [31].

Abu Bakar et al. [32], through their study, reported that 
one of the flaws of natural fibers is poor compatibility with 
its matrix. Moreover, studies done by Hassan et al. [33] sho-
wed that the recyclability of natural fiber within the auto-
motive component had reduced the automotive weight. The 
use of biocomposite helped in a 25% reduction of vehicle we-
ight, which consequently contributed to saving 39.45 trillion 
of crude oil [33]. Besides that, this material can be used for 
the composite frame in electromobility vehicles, as it will 
reduce energy consumption [9]. Currently, natural fibers are 
used as fillers to replace glass fiber in polymer composites 
[34].

The incompatibility and poor adhesion of natural fiber 
in a polymer matrix are usually addressed by fiber treatment 
and modification to enhance effective wetting and uniform 
dispersion. The primary techniques used for fiber treat-
ment and modification can be grouped into fiber pretreat-
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degree of crystallinity, which is indicative of higher fiber 
strength and stiffness; increased surface roughness topog-
raphy for better mechanical interlocking between the fi-
ber and matrix; increased cellulose exposure for increased 
bonding/reaction sites on the fiber surface; and increased 
surface energy for better wetting and compatibility. Treat-
ment with a mild alkaline condition is typically sufficient to 
remove fiber impurities with minimal impact on the fiber 
texture and structure whereas higher alkaline concentrati-
on can lead to excessive removal of lignin and fiber damage. 
Furthermore, according to the study, the use of cellulosic fi-
ber as reinforcement can reduce the material cost and at the 
same time raising strength to weight ratios [28].

MATERIALS AND METHODS

Materials

All chemicals used for the biocomposite production and 
analysis have been supplied from Merck and used wit-
hout purifications. Epoxy raw material and hardener 
components are procured from Polisan (Turkey). Expe-
rimental studies use ethyl acetate (99.5%), ortho-phosp-
horic acid (85%), ethanol (99.5%), hydrochloric acid (37%), 
methanol (99.5%), and hydrogen peroxide (35%). Palm oil 
with a density of 904 kg/m3 and a viscosity of 77 cP is 
supplied from commercial companies.

Methods Used in The Experimental Study

In the experimental study, firstly palm oil (100 g) is mixed 
with acetic acid (45 g), ethyl acetate (10 g), and hydrogen 
peroxide (90 g). Phosphoric acid (0.02 g) is added to the 
mixture and stirred at 500 rpm and 60oC for 6 hours. Af-
ter this process is completed, the light phase is recovered 
using a vacuum rotary evaporator. Then methanol (70 
ml), ethanol (30 ml), and distilled water (100 ml) are ad-
ded to the system. HCl (0.02 g) is dropped into the mixtu-
re and the aqueous and organic phases are separated after 
being mixed at 500 rpm and 70oC for 12 hours. The oil 
phase is washed with warm water until the pH is neutral. 
The modified epoxy palm-oil-based raw material (MPO) 
is obtained by removing impurities (methanol, ethanol, 
and water) with a vacuum rotary evaporator.

In the second stage, 5 g of MPO and 0.5 g of 4-(2-ami-
noethyl)benzene sulfonamide were placed in a flask. It was 
reacted in reflux state for 2 hours by adding 10 mL of et-
hanol. Then, the reaction temperature was brought to 60oC 
and the reaction was continued for 72 hours. At the end of 
the period, the second stage was passed. MPO was added 
to commercial epoxy medium according to the ratios in-
dicated in 0-10 wt.% and mixed at 500 rpm for 15 minutes 

to ensure the homogenization of the composite. Then, the 
hardener part was added to the medium and mixed at the 
same mixing speed for 15 minutes. At the end of the peri-
od, the solvent was removed with the evaporator and qu-
ickly transferred to the standard molds. It was left to cure 
for 24 hours at room conditions. Commercial epoxy resin 
has approximately 5/8 main components and 3/8 hardener 
components by mass. Biocomposite production was carried 
out according to the order in the schema in Fig. 1.

The chemical bond structure of the bio-epoxy com-
posite has been analyzed with an FTIR spectrophotometer. 
The FTIR spectrum of each sample has been determined 
as transmittance (%) in the wavelength range of 600 cm-1 to 
4000 cm-1. FTIR measurements have been made using Shı-
madzu QATR-S (IR Spirit S1102SC). The FTIR spectrum 
of biocomposites has been investigated by ATR method 
directly in solid powder form without making potassium 
bromide (KBr) pellets. Besides, the thermal decomposition 
of the biocomposite with the proportional integral deriva-
tive (PID) system, its hardness with the Shore D test, and 
its thermal conductivity coefficient (Thermtest TLS-100) 
with the thermal conductivity measuring device have been 
determined.

Thermal decomposition kinetics of biocomposites in 
an inert environment (nitrogen) have been investigated with 
the PID-controlled system. In this system, the temperature 
increase of 10 K/min from 25oC to 605oC is studied in non-
isothermal conditions. The PID system has a total diameter 
of 19.5 cm, and a height of 21.5 cm. It is made of perlite-re-
inforced insulated mortar (5 cm thick), rock wool (1.5 cm 
thick), and aluminum plate (1 mm thick). The drying cell 
was placed in the cylindrical space (approximately inner di-
ameter 6 cm) in the inner center of the reactor. The cylindri-
cal drying cell has a diameter of 3.5 cm, a height of 3 cm, and 
a porous side surface area (nearly porous diameter 1-3 mm). 
The drying cell made of galvanized steel plate (1 mm thick) 
is placed in the center of the PID system. In this system, 
temperatures can be controlled very precisely with the help 
of thermocouples. A certain amount of sample (1 gram) can 
be taken and the temperature can be easily distributed on all 
surfaces to the conductive and porous cell.

Figure 1. Experimental working schema for the biocomposite produc-
tion.
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Thermal Decomposition Kinetics and Modeling

In model equations: Mt is the mass at time t, Mi is the ini-
tial mass and Mf is the final mass. α is the conversion ra-
tio, β is the temperature rise ratio, k(T) is the temperatu-
re-dependent function and f(α) is the conversion-depen-
dent function. k(T) expresses the thermal decomposition 
rate constant, it is also a function that changes depending 
on the temperature. In experiments, the temperature inc-
rease in non-isothermal conditions changes the thermal 
decomposition rate constant over time. f(α) is a function 
depending on the conversion ratio and is defined as a spe-
cial mathematical function that expresses the variation of 
the conversion ratio with time or temperature. The g(x) 
function corresponds to the function found by integra-
ting dα/f(α) [41-44].

t f

i f

M M
M M

α
−

=
−

(1)

( ) exp( )Ek T A
RT

= − (2)

( ) ( )d k T f
dt
α α= (3)

( ) (1 )nf α α= −            (4)

2

( )( ) lng AR Eln
T E RT
α

β
= − (5)

ln( ) ln( ) 5.3305 1.052( )
( )
AE E

g R RT
β

α
= − −                    (6)

2ln( ) ln
( )
AR E

T g E RT
β

α
= − (7)

The activation energy (E), Arrhenius constant (A), and 
R (8.314 J/mol·K) values are expressed from the model equa-
tions. In Eq. 3, it can be solved by writing Arrhenius Equati-
on instead of k(T). Coats Redfern (Eq. 5), Flynn Wall Ozawa 
(Eq. 6), and Kissinger (Eq. 7) models are shown in the above 
equations. Here, the activation energy values of the biocom-
posite have been calculated using Coats Redfern, Flynn Wall 
Ozawa, and Kissinger methods. According to Coats Redfern 
method, if the activation energy is plotted 1/T versus ln(g(α)/
T2), the slope gives -E/R. In the Flynn Wall Ozawa method, 
if 1/T versus ln(β) is plotted on the graph, the slope is found 

by the expression -1.052E/R. In the Kissinger method, if 1/T 
versus ln(β/T2) is plotted, the slope is found as -E/R [45-50].

RESULTS AND DISCUSSIONS

Proximate Analysis of The Biocomposites

Thermal degradation of biocomposites results is interp-
reted for specific experiments in Fig. 2 and Table 1. In 
thermal degradation experiments, physical decompositi-
ons (such as water, moisture) occurred in the first region, 
while chemical decompositions occurred in the second 
and third regions. It is possible to divide the chemical 
degradation of biocomposites into two in general. Weak 
structures that can chemically decompose at low tempe-
ratures degrade primarily in the composite, while groups 
with stronger thermal strength decompose slowly at hig-
her temperatures [43-48].

RSM Results for The Biocomposite

According to the RSM experimental study plan, the rate 
of epoxy components (wt.%) was kept constant in the 
production of the bio-epoxy composite. The mass per-
cent values of epoxy resin and MPO have been entered 
into the program as the input data of RSM. RSM outputs 
are determined by the density of the obtained biocompo-
site, Shore D hardness, and thermal conductivity results. 
In Table 2, the experimental plan and response values ar-
ranged according to the RSM design are given.

In experimental studies, the results have been evalua-
ted using analysis of variance (ANOVA) and RSM. When 
the obtained model equations are checked in ANOVA 
analysis, it is seen that the Quadratic Power model is suitab-
le for this design. Also, R2 values are found to be quite high 
and other error functions are also low.

According to the RSM results in Fig. 3, it is aimed to 
obtain maximum efficiency with the minimum economy 

Table 1. Proximate analyses result of the experimental samples.

Experiments Moisture (%) Ash (%) Others (%)

Run No: 9 5.87 1.56 92.57

Run No: 2 6.12 1.75 92.13

Run No: 13 6.59 1.92 91.49

Figure 2. The effect of MPO content in the biocomposite for  the ther-
mal decomposition.

H
. S

ah
al

 a
nd

 E
. A

yd
og

m
us

/ H
itt

ite
 J 

Sc
i E

ng
, 2

02
1, 

8 
(4

) 2
87

–2
97



291

H
. S

ah
al

 a
nd

 E
. A

yd
og

m
us

/ H
itt

ite
 J 

Sc
i E

ng
, 2

02
1, 

8 
(4

) 2
87

–2
97

under optimum conditions in experimental studies. This 
method will save both time and raw material spent. With 
this method, 13 experiments are performed in the expe-
rimental study plan of RSM and theoretically, at least 100 
compatible results are found. In Fig. 3, it can be stated that 
the density of the biocomposite increases depending on the 
MPO rate. The density of the composite can vary according 
to the polymer matrix structure, pore distribution, additives, 
and fillers [51,52].

In Fig. 4, experimental data and RSM model results 
have been evaluated by statistical analysis. The distribution 
of the actual values and the predicted data within the 95% 

confidence interval is compared. In Eq. 8, the RSM polyno-
mial function for density is expressed (A: MPO wt.%, and B: 
Epoxy Resin wt.%).

2 2

1160.36113 16.65252
0.853011 0.078989
0.083227 0.004319

A
B A B
A B

ρ + + ⋅
− ⋅ − ⋅ ⋅

− ⋅ + ⋅

=

(8)

It is seen in Fig. 5 that the Shore D hardness decreases 
as the rate of MPO by mass increases in the biocomposite. 
Fig. 6 shows the agreement between statistical analysis and 
experimental data and RSM model values. According to the 
power model in the RSM central composite method, the 
Shore D polynomial function is expressed in Eq. 9.

Table 2. The experimental study and RSM of the bio-epoxy composites.

Run No Epoxy Resin (wt.%) MPO (wt.%) Density (kg/m3) Shore D Hardness k (W/m·K)

1 94.74 5.26 1164.27 74.39 0.097

2 95.00 5.00 1161.96 74.46 0.096

3 95.00 5.00 1161.97 74.47 0.096

4 95.00 5.00 1161.98 74.48 0.096

5 95.00 5.00 1161.96 74.46 0.096

6 95.24 4.76 1159.89 74.55 0.095

7 90.48 9.52 1201.47 73.02 0.111

8 92.03 7.97 1187.92 73.52 0.106

9 100.00 0.00 1118.30 76.07 0.079

10 98.42 1.58 1132.07 75.57 0.084

11 98.54 1.46 1131.09 75.60 0.084

12 95.00 5.00 1161.97 74.47 0.096

13 91.46 8.54 1192.84 73.34 0.108

Figure 3. Effect of MPO (wt.%) rate on the density of biocomposite.
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2 2

76.39007 0.620282
0.007175 0.003000
0.003040 0.000040

A
B

ShoreD
A B

A B

+ − ⋅
− ⋅ + ⋅ ⋅

+ ⋅ + ⋅

=

                    (9)

The effect of the MPO ratio on the thermal conduc-
tivity coefficient of the biocomposite is compared in Fig. 
7, and the compatibility of the experimental data with the 
theoretical model is evaluated in Fig. 8. The polynomial 

function expression of the thermal conductivity coefficient 
according to the RSM power model is expressed in Eq. 10.

2

6 2

0.098413 0.006392
0.000399 0.000030
0.000032

2.03223 10

A
B A B
A

B

k

−

+ + ⋅
− ⋅ − ⋅ ⋅

− ⋅

⋅ ⋅

=

 (10)

Figure 4. Comparison of experimental data and RSM model for the density of biocomposite.

Figure 5. Effect of MPO (wt.%) rate on Shore D hardness of the biocomposite.

Figure 6. Comparison of experimental data and RSM model for Shore D hardness.
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Statistical (ANOVA) evaluation for density, Shore D 
hardness, and coefficient of thermal conductivity is given 
in Table 3. High R2 and adjusted R2 values, good RSM model 
significance values (P-value<0.01), low error function (SST), 
and low standard deviation indicate that the theoretical 
model is successful according to the experimental results 
[53-57].

FTIR Spectrophotometer

FTIR spectrum of extracted oil samples attained in the 
wavenumber region between 4000 and 600 cm−1. The 
result from FTIR is tabulated in Table 4. At the vibra-

tion at 3005 cm-1, a stretch of =C-H, corresponding to 
an alkene, is observed. Symmetrical and asymmetrical 
stretching of C-H is observed in vibration at 2922 and 
2852 cm-1. The intense band observed at 1743 cm-1 is the 
result of C=O vibrations indicating the presence of satu-
rated aliphatic esters. This group is also known as trigl-
yceride, the predominant component in fats and oils [58]. 
The peak at 1510 cm-1 indicates stretching of the C=C 
of the alkene group. The peak at 1460 cm-1 is observed 
due to C-C stretching in the aromatics group [59]. The 
peak at 3478 cm-1, which occurs with the modification 
of palm oil, belongs to the hydroxyl group. It shows that 
the structure which is expected to disappear after the 

Figure 7. Effect of MPO (wt.%) rate on the thermal conductivity of the biocomposite.

Figure 8. Comparison of experimental data and RSM model for the thermal conductivity.

Table 3. Statistical (ANOVA) evaluation of RSM results for the biocomposites.

Parameters Source P-value SST Std. Dev. C.V.% R2 Adj. R2

ρ (kg/m3) Quadratic < 0.01 7.78 0.0399 0.0134 0.9989 0.9976

Shore D Quadratic < 0.01 1.13 0.0165 0.0120 0.9991 0.9985

k (W/m·K) Quadratic < 0.01 0.64 0.0087 0.0901 0.9982 0.9973
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modification of =C-H and C=C stresses corresponding 
to an alkene in vibration at 3005 cm-1 and 1510 cm-1 is 
formed. However, the peak formation of the oxirane gro-
up at 833 cm-1 supports the expected structure [60]. The 
peaks at 3357 and 3269 cm-1 observed in MPO spectrum 
belong to the -SO2-N-H group [61-63]. The observation of 
1367 and 1228 cm-1 asymmetric stretching peaks of -SO2 

confirms the binding [64]. Epoxide ring-opening is gene-
rally observed with an increasing peak of hydroxyl peak. 
It is known that the shift of the hydroxyl characteristic 
peak from high to low wave number represents increased 
hydrogen bonding in the network. However, the disappe-
arance of the oxirane peaks at 833 cm-1 and the increase 
in the hydroxyl peak intensity confirm this information.

The FTIR spectrum in Fig. 9 shows the chemical bonds 
found in MPO and biocomposite. The disappearance of 
both -O-H groups and –NH2 groups in MPO in the bio-
composite indicates that these groups are lost by entering 
the chemical reaction.

CONCLUSION

According to the results obtained, although the increase 
in the MPO ratio by mass increased the density, thermal 
conductivity, and thermal stability of the bio-epoxy com-
posite, it decreased the Shore D hardness.

As the MPO rate (wt.%) in the produced biocompo-
site goes up, the thermal stability of the composite also ri-
ses. Calculated activation energies of the biocomposite ac-
cording to the Flynn Wall Ozawa method are found to be 
139.65 kJ/mol (Run No: 9), 143.56 kJ/mol (Run No: 2), and 
145.28 kJ/mol (Run No: 13). According to the Coats Red-
fern method, the best model is determined by the function 

1.273( )( 1 )f α= − . Coats Redfern, Flynn Wall Ozawa, and Kis-
singer model results, the deviation in the calculated activa-
tion energy values of the biocomposites are found below 7%. 
Experimental studies are carried out under non-isothermal 
conditions, and kinetic parameters are calculated with the 
best model approach. The model results are found in the 

Table 4. Results from FTIR analysis of the components.

Palm oil peak (cm-1) Epoxy Palm oil peak (cm-1) MPO (cm-1)

-OH ---- 3478 3538-3500

-SO2-N-H ---- ---- 3357-3269

Stretching of =C-H 3005 ---- ----

Symmetric and Asymmetric 
stretching of C-H 2922-2852 2929-2875 2945-2858

Triglyceride (TGA) 1743 1628 1721

Stretching of C=C 1510 -----

Stretching of C-C 1460 1455

Asymmetric stretching -SO2 ---- ---- 1367-1228

Oxirane group ----- 833 ----

Figure 9. FTIR spectrum of the biocomposite and MPO.
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statistical analysis with minimum R2 error functions and 
maximum efficiency values.
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