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Article history: Thermal properties are important factor in determining the proper
manufacturing, processing, and storing of biocomposites. This research
investigated the acetylation modification and fiber composition on the thermal
properties of polypropylene (PP) biocomposites. The acetylation was done using
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Keywords: processes at 60°C for 2 h. The biocomposite was manufactured by hot pressing at
Acetylation; Betung bamboo 180°C for 2 minutes. The fiber contents of the acetylated bamboo pulp used were
(D. asper); Thermal analysis; 10% and 20% according to PP weight. The influence of bamboo pulp’s acetylation
Pulp; Polypropylene and fiber content on the biocomposite’s thermal properties was investigated

using a differential scanning calorimeter (DSC) and thermogravimetric analyzer
(TGA). The rate of crystallization growth of the 20% of acetylated bamboo pulp-
PP biocomposites was faster up to 4.5-fold than pure PP composite. In addition,
its acetylated bamboo pulp-PP had higher onset and maximum decomposition
temperature than its untreated fiber-PP biocomposites but lower than PP.
According to the result, the role of acetylated Betung bamboo fiber is as a
nucleating agent in the PP matrix and moderately improving the maximum
thermal decomposition of biocomposites for fiber addition by up to 20%.

1. Introduction The mixing process of PP and natural fibers is
challenging because polarity differences lead to weak
nucleating ability and interfacial adhesion. Moreover,
nuclei formation in pure PP is difficult and mainly a
homogeneous nucleation due to a slow nucleation rate
which affects for molding process [4]. The presence of
fibers is expected to facilitate the nucleating ability of PP.
However, modifications are carried out to promote
compatibility between natural fibers and PP. Potential
chemical modifications are performed, such as
alkylation, acetylation, silylation, and benzoylation [5, 6,
7, 8]. Acetylated sisal fiber was more thermally stable
with a maximum degradation temperature of about
361.5°C than alkalization and silylation at 360.75°C and
357.38°C, respectively, and had low weight loss below
100°C which contributes to hydrophobicity characteristic
[5]. Acetylation modification in the sponge-gourd fibers
resulted in a rougher surface and more thermally stable
with a decomposition temperature achieved 341.8°C

Polypropylene (PP) is a polymorphic polymer
commonly used for various applications, especially high-
durability materials such as automotive body parts,
electronic devices, and consumer goods. It remains
dominant in the polymer industry due to having excellent
properties such as low density, good thermal stability,
good chemical inertness, good mechanical properties,
and versatile fabrication and product [1]. PP is a non-
biodegradable polymer, encouraging modification to
support the green movement concepts. Reinforcing with
biodegradable substances like natural fiber is one of the
accessible technics. One promising source of natural
fibers is Betung bamboo (D. asper), which is abundantly
available in Indonesia. Its fibers, mainly composed of 78.4
and 28.2% holocellulose and lignin, respectively [2],
achieve 89.95% and 4.56% of holocellulose and lignin
after the pulping process [3].
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compared to alkylation and benzoylation at 309°C and
311°C, respectively [6]. Activation energy to decompose
the acetylated bamboo fiber was about 182-201 kJ/mol
higher than untreated fiber, corresponding to higher
thermal stability [9]. The initial decomposition of
acetylated micro fibrillated cellulose was higher than
silylated fiber [10]. Acetylation also reduced the polarity
of fibers due to hydroxyl group substitution onto acetyl
groups, which results in more hydrophobic fibers that
enhance the interfacial bonding. At the same time,
alkalization only removed the waxy substances in the
fiber surface, resulting in a rough surface [7]. Thus,
acetylation is preferable, considering polarity
enhancement and wide surface area.

Some studies have investigated the effect of
acetylated fiber on the PP matrix. Isothermal
crystallization, ranging from 122 to 130°C, of acetylated
bamboo-PP biocomposites informed that crystallization
behavior is affected by crystallinity temperature (T.),
which is more shift for high T. [11]. Further, Jhu et al. [11]
reported the appearance of a transcrystallization layer
along the acetylated fibers indicating heterogeneous
nucleation. The maximum decomposition temperature of
acetylated alfa fiber-PP biocomposites increased by
about 11°C by 20% of fiber loading than pure PP [12].
Another work from Hamour et al. [13] reported about
maximum degradation rate of acetylated alfa fiber-PP
biocomposites indicating thermal stability improvement.
The higher crystallinity degree and T. suggested the
nucleating ability of acetylated alfa-fiber on the PP
matrix. Zaman and Khan [7] had a similar result:
acetylated banana fiber acts as a nucleating agent on the
PP matrix performed by T.value improvement of about
9°C and crystallization degree of about 9%. Modification
by acetylation enables good interfacial adhesion on PP,
then promotes nucleating ability and thermal stability
performance.

For polymorphic polymers and thermoplastics such
as PP, it is beneficial to perform thermal analysis to
determine production, handling, and storage processes.
The thermal analysis provides information about process
conditions, including crystallization temperature and
time, for the best molding process to make a certain
product. It also informs the thermal stability, including
thermal degradation and activation energy, for molding,
product handling, and storing along and after service. To
the best known of the authors, thermal analysis for
acetylated bamboo Betung forming in microfibril
cellulose reinforced to PP matrix has not yet been studied.
A previous by Jhu et al. [11] used bamboo particles then
acetylated using acetic anhydride and
dimethylformamide solution. Therefore, this research
aimed to analyze the effect of acetylated bamboo Betung
fiber on the thermal properties of PP biocomposites. The
study performs the thermal characteristics of PP
biocomposites and the crystallization kinetic under
isothermal conditions and isoconversional kinetic on
thermal decomposition.

2. Materials and Methods

2.1. Materials

Betung bamboo was obtained from the Bogor
Botanical Garden Bamboo Collection. Processing of fibers
into pulp was carried out through the kraft process.
Betung bamboo pulp was bleached using 50% hydrogen
peroxide in technical grade and used as the biocomposite
filler. Acetic acid glacial in 99.9% of concentration,
99.9% acetic anhydride, and sulfuric acid in 99.6% of
concentration used for acetylation were pure analysis
grades obtained from MERCK, Indonesia. Also,
homopolymer PP was obtained from PT. Tripolita,
Cilegon, Indonesia.

2.2. Acetylated fibers production

According to a previous study by Kusumaningrum et
al. [3], the acetylation process was conducted. A 5 g of
Betung bamboo pulp (dry-based) was activated by using
100 mL of acetic acid for 1 h at room temperature.
Furthermore, the acetylation was carried out using 50 mL
of acetic anhydride and 2% (w/v) of sulfuric acid. The
condition for the process was the temperature at 60°C and
2 h of reaction time. The acetylated fiber was gradually
washed using distilled water, ethanol, and acetone until
neutral. The acetyl content of acetylated bamboo Betung
pulp is 18.19%, and the degree of substitution is 0.83 [3].

2.3. Biocomposites production

Homopolymer PP and Betung bamboo (D. asper)
fibers were mixed using a Rheomix Haake Polydrive
kneader at 180°C for 15 minutes. Fibers were added in 10
and 20% (w/w) for each acetylated and untreated fiber. It
was further processed by compression mold using a hot
press at 180°C for 2 minutes in 20 MPa. Furthermore,
biocomposites were milled into powder form and
classified into passed through in 60 and restrained in 100
mesh for DSC (Differential Scanning Calorimetry)
analysis and Thermo Gravimetric Analysis. PAB and PBB
were used in denoting biocomposites with acetylated and
untreated fibers, respectively. The compositions used
were 10 and 20% by weight according to the weight of the
biocomposite.

2.4. Colorimetric analysis

Color reader CR 1 Konica Minolta was used for
colorimetric  analysis. Color measurement for
biocomposite surfaces and some processes condition that
affect the final product’s color appearance were recorded.
Some spectral classifications were performed using
CIELAB coordinates (L*, a*, and b*) according to D65
light source [14]. Five different locations at the
biocomposite surface were light shot for each sample. All
data were recorded as total color change (AEab) and
calculated using the Euclidian distance equation, as
shown in Equation 1.

AEab = VALZ + AaZ + Ab2 (1)

where, AL, Aa, and Ab represent the differences between
the initial and final product. Each data shows a different
light reflection: L value stands for the lightness of the
product. A positive Aa denotes a color shift against red
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and a negative against green. Positive Ab denotes color
shift against yellow and negative against blue.

2.5. Scanning Electron Microscopy (SEM)

SEM Hitachi TM3030 was used for morphological
analysis of Betung bamboo pulp before and after
acetylation treatment. Samples were coated with gold
before analysis. Magnification was carried out at 500x
and electron scanning at 5 kV.

2.6. DSC (Differential Calorimetry Analysis)

DSC Perkin Elmer Phyris 1 DSC 4000 equipped with
an intercooler was used to investigate the thermal
characteristics of the biocomposite. DSC measurement
was carried out through several stages. Stage I: sample
heating in the calorimeter with a heating rate of 10°C
/minute from 30 to 200°C. Stage II: sample was held at
200°C for 5 minutes. Stage III: sample was cooled from
200 to 30°C with a cooling rate of 10°C/minute. The
crystallization degree was measured using the ratio
between melting fusion enthalpy of biocomposites and
pure PP (AHm), which has 100% of the crystallization
degree multiplied by the weight fraction of PP
biocomposite. The crystallization degree can be measured
as shown in Equation 2 [15]. The value of melting enthalpy
fusion of pure PP was calculated to be 138 J/g [16].

%Xch = % (2)

2.7. Isothermal crystallization kinetics

Crystallization kinetics was performed at isothermal
conditions and with the Avrami model approach [17], as
shown in Equation 3. Avrami parameters occurred in
exothermic conditions. DSC measurement was carried out
through the following steps: First, heating 5 mg of
samples from 30 to 200°C with a heating rate of 10°C/min.
Second, holding at 200°C for 2 minutes, and third, cooling
from 200°C aimed to determine its isothermal
crystallization temperature (TCs) for 20 minutes with a
cooling rate of 40°C /minute.

X() = 1—exp (-pt") (3)

X(t) represents the fraction volume of crystallized
biocomposite at a particular t, 8§ was carried out as an
Avrami rate constant that reflects crystallization rate. n is
an Avrami exponent that shows the crystal geometry. X(t)
is a function of time and heat flow in the range of the
isothermal crystallization step.

Avrami parameters (g and n) were calculated with a
logarithmic equation as represented in Equation 4. Those
parameters can be used to calculate the slope for n and
intercept for B.

log[—In(1 — X(¢t))] = nlogt + logB (4)

2.8. TGA (Thermal Gravimetric Analysis)
TGA was carried out using TGA 4000 Perkin Elmer. 10
mg of biocomposites sample was placed on a ceramic
crucible weighing on a furnace holder. TGA analysis was

conducted at a heating rate of 10°C/minute from 30 to
600°C.

2.9. Activation Energy

The thermal stability of material can be further
explained by using decomposition phenomena. There are
many approaches to decomposition reactions. One of the
reaction rates is shown in Equation 5.

da

L= k(Df(a) (5)

dat
where, « is the conversion degree, t is the reaction time,
k(T) is the reaction rate constant, and f(«) is the kinetic
function. Conversion degree (a) can be defined as the
weight reduction ratio, as shown in Equation 6.
a= mo—-m (6)

mo—moo

where mo, m, and meo are the mass 0, t, and termination
time, respectively.

The reaction rate constant can be formulated
according to the Arrhenius equation, as shown in
Equation 7.

k(T) = Aexp (_%Ta) ©))]

where, Ais the pre-exponential factor, Ea is the activation
energy, T is the absolute temperature, and R is the gas
constant.

Equation 8 was formed from Equations (6) and (7)
when modified with (5).

da

— = Aexp (_R—ETa) f(a) (8)

dt

The activation energy can be determined by the
model-free or isoconversional method. Flyn Wall Ozawa
(FWO) is one of the accurate models used to carry out
decomposition phenomena such as biomass [11] and
composite product [12]. These models represent
activation energy value on particular conversion, as
explained by Koga [18]. Each conversion level can be
determined using Equation 9.

Iny = In (%) - 5331 — 1.052 (ZZ—Z) (9)

where, g(a) is the constant at a certain conversion level.

The activation energy value can be obtained by
plotting the In y and absolute temperature, where vy is the
heating rate. Also, the activation energy can be obtained
using Equation 10.

bR
Eaa = — 1 — (10)

where, b is the slope of the logarithmic curve from the
heating rate and absolute maximum temperature for a
given conversion level.

3. Results and Discussion
3.1. Colorimetric analysis of product

The mixing process used rheomix laboplastomill to
disperse and mix the fibers into a PP matrix. Therefore,
the mixing condition was set at 180°C, which exceeded the
melting point of PP. This process was carried out to evenly
distribute the fiber onto the matrix on the melting
polymer. This produced biocomposite with different
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appearances for untreated and acetylated fibers addition.
The chemical composition of fibers affects these features.

Figure 1. The appearance of pure PP (a), biocomposite
with untreated fiber PBB 10 (b), PBB 20 (c),
biocomposites with acetylated fiber PAB 10 (d),
PAB 20 (e)

Furthermore, the mixing process that uses
laboplastomill causes the fibers to be well dispersed on
the matrix. High fiber loading gives darker color for
untreated and acetylated fibers biocomposites, as shown
in Figure 1, due to the heating process on composites
mixing that further affects the thermal decomposition of
original fibers in white color both for untreated and
acetylated fibers, as shown in Figure 2. In composite
without heating process, such as polyvinyl alcohol and
fibers composites, the color of composites are naturally
similar to fiber color [19]. The total color change (AEab)
also shows the color differences between PP and
biocomposite, as shown in Table 1. Biocomposite is darker
than PP due to its lower L value, indicated by the negative
result, and AL, which indicates a total change in
lightness, is decreasing. The PAB biocomposite is darker
than PBB. The total color change was known by its
lightness and chromaticity coordinates due to greater
change between PP and biocomposite. The pulp that has
been treated with the acetylation process is partially
carbonized during the mixing process.

Figure 2. The appearance of Betung bamboo pulp
without treatment (a) and with acetylation (b)

Table 1. Color change of PP and biocomposites product

° L A b AL Aa
PP 46.98 9.84 17.34
PBB10 45.58 10.88 21.04 -1.4 104 3.7 £4.09
PBB20 43.5 12.98 20.7 -3.48 314 3.36 5.77
PAB10 28.78 8.96 8.54 -18.2 -0.88 -8.8 20.23
PAB20 24.9 6.12 0.42 -22.08 -3.72 -7.92 23.75

Ab AEab

The decomposition of untreated and acetylated fiber
is shown in Figure 3. Acetylated fiber started to

decompose at 238.15°C, lower than untreated fiber, which
decomposed at 322.93°C. A decomposition temperature
close to the mixing temperature, at 180°C, caused some of
the acetylated fibers to decompose, thus producing
biocomposite with a darker color. Untreated fiber has
three stages of decomposition temperature: Stage 1
occurs at 30—240°C with a temperature peak at 68.62°C
where water evaporation occurs. Stage 2 occurs at 250—
360°C, where the crystalline part of cellulose rapidly
decomposes, while Stage 3 occurs at 360—-500°C, where
decomposition of the amorphous part occurs. Acetylated
fiber also has three stages of decomposition
temperatures. The first stage occurs at 30-200°C,
corresponding to water evaporation and loss of weight.
This shows that acetylated fiber is more hydrophobic than
untreated fibers and allows limited water absorption, so
bounded water content could be lower than untreated
fibers. The reduction of moisture uptake in the
decomposition stage of less than 100°C indicates the
reduction of hydrophilic properties of acetylated fibers
[5]. It might happen due to substituting the acetyl group
for the hydroxyl groups in the fiber surface [20]. The
second stage occurs at 200-365°C, representing the
crystalline part decomposition. While the third stage,
which occurs at 365-500°C, shows amorphous part
decomposition. According to Ashori et al. [21], acetylation
enhanced kenaf fiber’s decomposition temperature with
10.5% acetyl content.

100 paeg

Untreated
cellulose

80
Acetylated

60 cellulose

Weight loss (%)
=
=

25 125 225 325 425
Temperature (°C)

Figure 3. TGA thermogram of untreated and acetylated
fiber from Betung bamboo

Furthermore, lower decomposition temperature
resulted in acetyl content with more value than that. In
this case, acetylated fibers from Betung bamboo with
18.19% of acetyl content might affect lower
decomposition temperature than untreated fibers due to
higher acetyl content, more than 10.5%. According to
Chung et al. [22], the higher degree of substitution
correlated higher with acetyl content, which would
increase the fiber’s roughness due to the modification
mechanism by strong acids to substitute the hydroxyl
groups for acetyl groups. The fiber surface of acetylated
fiber appeared rougher surface and smaller diameter than
untreated fiber, as shown in Figure 4, contributing to
hydroxyl group exposure from cellulose. Disruption of
hydrogen bonding in cellulose structure increases fiber
surface roughness and removes the amorphous part in
the fiber cell wall allowing for smaller diameters of
acetylated fiber [6]. Sulfuric acid in the acetylation
solution may degrade cellulose attributed to rougher and
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smaller fiber than untreated fiber causing low
decomposition temperature [23, 24]. Nevertheless,
rougher fiber surfaces facilitate interlocking and
nucleating growth between fiber and matrix to improve
the mechanical and thermal properties of composites.

%500 200um

Figure 4. SEM characterization of Betung bamboo (D.
asper) pulp before treatment (a) and with acetylation (b)

3.2. Differential Calorimetry (DSC): Thermal
characteristics and crystallization kinetic

Fiber treatment as a reinforcing agent for
biocomposites has different effects. Other than
mechanical properties, this treatment also affects
thermal properties. Figure 5 and 6 represents the DSC
analysis of biocomposite with untreated and acetylated
fibers in endothermic and exothermic conditions. The
melting temperature of biocomposite products is similar
to pure PP, which ranges from 161 to 162°C, while the
melting point for PP is 162.16°C. The addition of 20% fiber
does not make a significant enhancement both for PBB
and PAB. This marginal result shows that a non-
reversible reaction occurred on the endothermic step. It
further explains that PP, PAB, and PBB undergo complete
melting for each stack of lamella [9].

Meanwhile, PAB shows melting point and melting
fusion lower than PP, even at a minor point. This
corresponds to lower melting energy of biocomposite
than pure PP [7]. Luz et al. [15] reported that the
biocomposite’s melting point and melting fusion from PP
and bagasse fiber were reduced after acetylation
treatment. This shows that there is some interaction
between microfibril cellulose and PP.

Crystallization degrees for PBB and PAB
biocomposites are shown in Table 2. Fibers, in addition to
PP, enhanced crystallization degree compared to pure PP.
Fibers with 20% composition improved the
crystallization degree for both PBB and PAB. PAB
biocomposite also has more favorable results than PBB.
This shows fibers as a nucleating agent in the
crystallization process for biocomposite, and acetylated
fibers provide better nucleating ability than untreated
ones.

The exothermic condition represents crystallization
temperature, as shown in Figure 6. Biocomposite of
acetylated and untreated fibers have high crystallization
temperatures than pure PP. Fiber loading up to 20%
improves crystallization temperature for PAB
biocomposite. Meanwhile, the enhancement does not
occur for PBB, as shown in Table 2. The enhancement of
crystallization temperature on PAB, including fiber
addition, shows that acetylated fibers initiate nucleation
and accelerate the crystallization process of biocomposite

[8] and provide a large surface area for the crystals to
grow [25]. In addition, this was due to better
macromolecular reorganization of amorphous into
crystalline parts of biocomposite than pure PP [7].

Crystallization of biocomposite is a solidification
process influenced by several factors such as
crystallization temperature, cooling rate, and nucleating
agent effectivity. These factors affect the crystal growth
rate. Isothermal crystallization can be determined at a
specific crystallization temperature with a fast cooling
rate. Furthermore, the Avrami model identifies
crystallization growth rate constants. Assumptions made
for this model are that crystal growth starts to develop
along the fiber surface and randomly grows in all
directions. This research determined isothermal
crystallization temperatures at 123, 127, and 132°C with a
fast cooling rate of 40°C/minute. Papageorgiou et al. [26]
reported that several factors influenced the biocomposite
properties of polyolefin polymer: filler content,
morphology, time and temperature process, crystallinity,
and crystallization rate during solidification from the
melting phase.

PAB20
PAB10O
PBB20
PBE10
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Figure 5. DSC endothermic thermogram of

biocomposites
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Figure 6. DSC exothermic thermogram of biocomposites

Polymer crystallization consists of two steps:
primary and secondary crystallization. Primary
crystallization is related to the nucleus and crystal growth
up to the edge of the spherulites and crashes the adjacent
spherulite edge. The filler characteristic strongly affects
the primary crystallization because it occurs quickly.
Secondary crystallization, in which crystal growth occurs
between formed spherulites, is slower than primary.
Avrami parameters (n and B) show the entire
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crystallization process, including nucleation and crystal
growth. Table 3 shows the Avrami parameters for
biocomposite. n value represents nucleation mechanism
and crystal morphology or geometry. Avrami [17] and
Avrami [27] explained that the n value is an integer
number ranging from 1 to 4. The value between 1 and 3
represents heterogeneous nucleation, while above 3 is
homogeneous. n value for all biocomposites ranging from
1.9 to 3 indicates that the solidification process on PBB
and PAB is heterogeneous nucleation.

Table 2. Thermal properties and crystallization degree of

content which has lower nucleus density and promotes
homogeneous nucleation [11]. Beta phase formation of PP
biocomposites indicated trans-crystallization
phenomena on the fiber surface, which correlated to
mechanical properties enhancement than pure PP [3].
Acetylated fiber facilitates nucleating ability with
heterogenous nucleation mechanism on PP matrix
corresponding to the enhancement of crystallization
temperature and crystallization degree as well as
crystallization rate of PAB biocomposites.

Table 3. Avrami parameters for isothermal

biocomposites crystallization kinetics of biocomposites
) . . . Second Crystallization
g First heating Cooling heating Biocomposite ~ Temperature B B n
8 . C) min
& T AH T AH T AH 7oXcb
5] m m Tc ¢ Tm m
3] o by o 123 0.848
9 cc)y (/e C) (/g (C) (/g
M PP 127 0.138 2.62
PP 163.66 76.79 115.52 72.93 162.16 79.24 57.41 132 0.010
PBB10 163.5 77.96 119.12 80.64 161.67 71.80 57.80 123 0.184
PBB20 163.53 60.04 117.35 72.76 162.37 67.75 61.37 PBB 10 127 0.051 2.79
PAB10 163.69 70.20 117.74 83.25 161.36 73.90 59.50 132 0.001
PAB 20 163.36 70.98 120.13 65.94 161.87 72.15 65.35 123 0.502
PBB 20 12 0.1 2.
Meanwhile, the geometry of the crystal formed is 7 43 >3
spherulite. Heterogeneous nucleation occurs when 132 0.005
spherulite crystals randomly grow along the fiber surface, 123 1.089
and form impeded nucleus on the polymer matrix [11]. PAB 10 127 0.214 2.67
According to Abadchi and Jalali-Arani [28], the n value is 132 0.026
related to the crystal dimension. It is proportional to the
. . . 123 1.215
dimension or formed crystal radius.
PAB 20 127 0.656 1.97
Another Avrami parameter, g value, is correlated to
132 0.045

the nucleation process and crystal growth rate. It is
inversely proportional to isothermal -crystallization
temperature, as shown in Table 3. Several types of the
research reported that isothermal crystallization rate and
temperature are inversely proportional [28, 29] due to
lower nucleating ability effectiveness at higher
isothermal crystallization temperature because the
nucleus number is inversely proportional to the
temperature, which takes a longer solidification process
[11, 30]. Furthermore, Jhu et al. [11] explained that high
Tm and Tcs differences increase the nucleus density at the
fiber surface, leading to faster and more nucleus growth.
PAB shows high g value than PP and PBB. The g value
increased by 2.6 up to 4.5-fold in 10% and 20% of
acetylated fiber loading than PP in high isothermal
crystallization temperature, respectively. It emphasized
that acetylated fiber acts as the nucleating agent,
increasing the PAB’s crystallization rate. The additional
fibers also increase the g value for both PAB and PBB. In
this research, acetylated and untreated fiber can act as
nucleating agents, but the impact will be relatively
different. Jhu et al. [9] confirmed that trans-
crystallization and compatibilities of PP matrix with
unmodified and acetylated fibers affect crystallization,
including crystallization rate and mechanism.

Furthermore, lower acetyl content promotes
heterogeneous nucleation, high nucleus density, and
trans-crytallization in the PP matrix than higher acetyl

3.3. Thermogravimetric analysis (TGA) and activation
energy of biocomposites product

TGA analysis shows the decomposition temperature
of the biocomposite compared to PP, as shown in Figure 7.
The Tonset is the initial temperature when the
biocomposite starts to decompose. PP has one
decomposition stage while PBB and PAB biocomposite
has two, which shows different decomposition
temperatures for each component and is lower for
biocomposite than PP. Meanwhile, PBB has a lower
decomposition temperature than PAB, especially on 10%
fiber addition. After 20% of fiber addition, it shows a
lower decomposition temperature for both PAB and PBB.
Biocomposites PAB 20 has the lowest Tonset, Wwhich is about
311.25°C only in the first decomposition stage, contrary to
PAB 10, which has the highest Tonset, about 366.7°C, than
PBB, as shown in Table 4. TGA analysis was carried out for
biocomposite after mixing, leading to fibers’
carbonization. However, with 20% fiber, some remains
an acetylated fiber. This is due to the lower decomposition
of acetylated fiber than untreated fiber, as shown in
Figure 4. Meanwhile, in the second decomposition stage,
the Tonset of biocomposite PAB 10 and PAB 20 is 375—500°C
and increased from 3—6°C to PP. This result further shows
that acetylated fiber affects the thermal stability of
biocomposite even with slight differences.
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Table 4. Thermal characteristic of PP and biocomposites

by TGA/DTG

P Char

3 residue

é-l Tonset Tmax max at
S (°C) (°C) (mg/min) 550°C
= (%)
PP 44016 467.01 0.16 0.01
PBB

10 341.94 441.96 349.74 467.24 0.19 0.83
PBB

20 325.04 442.38 351.67 467.74 0.16 1.33
PAB

10 366.7 443.37 379.08 465.66 0.16 0.14
PAB

20 311.25 446.45 347.97 469.98 0.17 2.26

The single decomposition peak is reported for PP,
while two peaks for biocomposites PBB and PAB are
shown in Figure 8. Tmax was the decomposition
temperature when the maximum weight loss rate
occurred. The decomposition temperature of pure PP
occurred at 467°C and rapidly rose to 500°C. The first
decomposition temperature for biocomposite ranges
from 200°C to 375°C, as shown in Figure 8, and the second
temperature ranges from 400°C to 550°C. This result
confirms that carbon atomic decomposition is higher
than fibers. The thermal stability of PP is affected by
branching, where the carbon atomic of PP is mainly a
tertiary carbon which is more difficult to degrade [31].

100

80

—_
=
» 604
=
&b
5 40
= 1|——PP
204 |——PBB 10
——PBB 20
1 {——PaAB 10
0 |——PAB20
T T T T T
100 200 300 400 500

Temperature (°C)

Figure 7. TGA analysis of biocomposites

Furthermore, the Tmax of PBB biocomposite is lower
than PAB at first up to 10% of fiber addition, as shown in
Table 4. This result shows that carbonized acetylated fiber
remains heat resistant; therefore, maximum weight loss
occurs at high temperatures. The decomposition
temperature of carbonized basalt fiber on PP composites
increases by about 5-10°C after 10—50% of weight loss,
corresponding to the thermal stability of carbonized
fibers at higher temperatures [32]. Second decomposition

temperature, which is similar to the breakdown of the PP
chain, the PBB biocomposite is similar to pure PP.
Meanwhile, this is different for PAB biocomposites,
especially for PAB 20, which maximum decomposition
temperature has a higher value than pure PP. High
molecular weight occurs from cross-linking reaction
between acetylated fiber and PP matrix, resulting in
higher decomposition temperature in the last stage [7].

Furthermore, char residue from PAB 20 has a higher
value than others. High char residue shows the
improvement of thermal stability of HDPE composites
filled with wood flour even with slight difference [20].
Carbon fiber on PP composites increases the char content
due to its good barrier ability to thermal degradation,
which slows down the weight loss rate of PP composites
decomposition [33], which means PAB is more thermally
stable than pure PP and PBB.
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Figure 8. DTG analysis of biocomposites

The FWO-free model allows activation energy for
certain conversion levels. Heating rates used for this
measurement are 5, 10, and 15°C/minute. Table 5 shows
the activation energy for pure PP and biocomposite on
conversion levels 0.1-0.9. According to the result, the
activation energy of biocomposite has two maximum
levels at conversion, 0.1 and 0.9, whereas PP only has one
at 0.9. According to the DTG data shown in Figure 8, the
decomposition of biocomposite occurred at 10% and 90%
of weight loss. This shows that decomposition is
proportional to the maximum activation energy. The
average activation energy for PP is slightly higher than for
the biocomposite. The decomposition activation energy
of PP is about 140-176 KkJ/mol. The lower activation
energy of a low conversion level is due to degradation side
chain scission, which increases as the conversion level
increases due to the decomposition of random chain
scission forming various monomers and oligomers [31].
The activation energy of biocomposites is relatively
higher than PP at a low conversion level because of the
complex structure combining interfacial bonding
between PP and fibers. This higher initial decomposition
allows for thermally stable biocomposites.
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Table 5. The activation energy of biocomposites through the FWO model

pp PBB 10 PBB 20 PAB 10 PAB 20
a Ea ) Ea ) Ea ) Ea ) Ea )
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
0.1 139.52 0.96 310.87 0.93 173.76 0.89 209.46 0.84 226.99 0.97
0.2 170.86 0.99 238.17 0.98 130.03 0.86 117.35 0.82 170.51 0.98
0.3 191.25 0.99 252.66 0.99 144.48 0.88 130.72 0.86 139.85 0.95
0.4 203.22 0.99 265.19 0.99 152.49 0.89 145.87 0.88 152.39 0.95
0.5 210.20 0.99 271.36 0.99 157.68 0.90 156.31 0.90 160.91 0.95
0.6 215.52 0.99 276.66 0.99 162.14 0.91 163.83 0.90 167.68 0.95
0.7 221.53 0.99 280.14 0.99 166.53 0.92 170.26 0.91 174.95 0.95
0.8 227.92 0.99 279.17 0.99 171.18 0.92 177.27 0.92 181.75 0.95
0.9 233.30 0.99 286.76 0.99 178.17 0.93 185.32 0.92 193.07 0.95
Mean 201.48 273.44, 159.61 161.82 174.23

Furthermore, the addition of 20% fibers to PAB
improved the activation energy. Meanwhile, it lowers the
activation energy of PBB. In addition, it can be deduced
that the acetylation process of fibers improves the
thermal stability of the biocomposite. The calculated
squares of the correlation coefficient, R?, ranged from
0.93t0 0.99, 10 and 20 for PP, PBB and PAB biocomposites
respectively. Different results were obtained for PAB 10
and PBB 20, ranging from 0.82 to 0.92. This can be
analyzed further by another model and can be described
with a different mechanism. Also, the conversion level is
proportional to R2for all biocomposites. This shows that
the first order of decomposition kinetics only applies at a
high conversion level, where R2 is more than 90%, as
confirmed by Guo et al. [25]. Furthermore, it shows that
the first-order kinetic PP model only applies at a
conversion level of 0.7—0.9. The random scission of fibers
decomposition, detected at a low conversion level, cannot
be explained by the first-order kinetics model.

4. Conclusion

This research investigated the effects of the
acetylation of Betung bamboo pulp on the thermal
characteristics of PP biocomposites. It was seen that the
surface roughness of bamboo pulp increased by
acetylation, with an onset temperature reduction of
around 20% than untreated fiber. The darker appearance
of biocomposite with acetylated fibers confirmed that
some fibers underwent carbonization during mixing.
Furthermore, according to DSC and TGA analysis, the
acetylation process on the Betung bamboo pulp surface
made it more thermally stable on PP biocomposite. The
DSC analysis showed that acetylated fiber improved
crystallization temperature and degree by adding 20%
fiber to PP. Crystallization kinetic study using the Avrami
model showed that acetylated fiber accelerates the
nucleating and crystal growing process up to 4.5-fold
more than PP in spherulitic crystal form by
heterogeneous nucleation mechanism. TGA analysis for
two decomposition stages of biocomposite showed that
onset and maximum decomposition temperature
improved after adding acetylated fibers up to 10%.
However, the maximum decomposition temperature

improved, especially in the second stage, after adding up
to 20% acetylated fibers. The activation energy of
biocomposite had two maximum values at conversion
levels of 0.1 and 0.9, which indicate maximum
decomposition energy at 10 and 90% of weight loss.
Generally finding, the role of acetylated Betung bamboo
fiber is as a nucleating agent in the PP matrix and
moderately improving the maximum thermal
decomposition of biocomposites. This result provides
information about the manufacturing process and after-
service treatment of biocomposites.
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