Express Polymer Letters Vol.19, No.1 (2025) 76-93 express
Available online at www.expresspolymlett.com

https://doi.org/10.3144/expresspolymlett.2025.6 p lymer letters

Research article

Rotational molding of LLDPE/coir fiber composites:
Effect of fiber on mechanical, thermal, morphological and
flammability properties
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Abstract. This study uses a rotomolding procedure to produce hollow cubes made of linear low-density polyethylene
(LLDPE) and coconut fibers (CF). The purpose is to investigate the effect of different CF content (0, 5, 12.5, and 20 wt%)
and size (100 and 50 mesh) on composite properties. As the CF content rises, the density of all composites decreases due to
an increase in material porosity, a result of poor adhesion between the fiber and LLDPE. Impact strength reduced as the
content of CF increased, except for the composite with 5 wt% of CF and 50 mesh size. The ineffective adhesion between
coir fibers and LLDPE, along with the presence of voids in the matrix, caused the mechanical properties to deteriorate as the
CF content increased. The flammability test revealed that all samples dripped. The neat LLDPE sample deformed, whereas
the LLDPE/CF composites maintained their shape. This behavior suggests that CF plays a structural role in burning com-
posites. Maleic anhydride-grafted polyethylene (MAPE), calcium stearate, and magnesium stearate additives did not contribute
to reducing the composite’s porosity. MAPE was the only additive that did not reduce the elastic modulus of composites.
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1. Introduction Natural fibers have an eco-friendly nature and are
The rotational molding (or rotomolding) process sustainable and renewable [7-9]. The use of ligno-
uses primarily thermoplastic materials to produce cellulosic fibers, especially their residues, in poly-
large hollow parts with low residual stress levels. [t  meric composites is environmentally beneficial be-
has a longer cycle time than extrusion or injection cause it preserves natural resources, reduces waste,
molding; therefore, it is important to choose poly- and can enter the production cycle while meeting the
mers with high thermal stability. Linear low-density  principles of the circular economy [10].

polyethylene (LLDPE) is the most frequently uti- The sustainability of natural fiber composites is ex-
lized material for rotomolding, as it demonstrates re-  amined based on life cycle assessment (LCA), a
sistance to thermal degradation over extended dura- methodology formulated to investigate the potential
tions [1-6]. environmental impact of products at all stages of

*Corresponding author, e-mail: elen@ima.ufrj.br
© BME-PT

76


https://orcid.org/0000-0002-0045-2061
https://orcid.org/0000-0002-5043-3459
https://orcid.org/0000-0001-8408-1036
https://orcid.org/0000-0002-4161-3482
https://orcid.org/0000-0002-7668-2576
https://orcid.org/0000-0003-0018-7672

L. D. V. E. Leon et al. — Express Polymer Letters Vol. 19, No.1 (2025) 76-93

their life cycle [11-13]. The LCA shows that using
natural fibers instead of synthetic fibers is environ-
mentally more sustainable. For example, sisal fiber
has much lower greenhouse gas emissions (75-95%)
and non-renewable energy use (85-95%) compared
to glass fiber [14]. It is worth mentioning that envi-
ronmental impact values of natural fibers are de-
pendent on the plantation location and production
practices [13, 14].

Producing polymeric composites with lignocellu-
losic fibers through rotational molding is a challenge
that requires overcoming obstacles, such as achiev-
ing a more homogenous mixture of polymer and lig-
nocellulosic fibers. Therefore, the scientific commu-
nity is driven to find solutions to produce high-qual-
ity thin-walled products, which in turn motivates the
development of further studies [2, 15-18].

By rotational molding, Gupta and Ramkumar [2]
produced LLDPE composites containing 3, 5, 7, and
10 wt% of coir fibers. According to the authors, a
lower fiber content was associated with improved
fiber distribution and a robust filler-polymer inter-
action. In general, all composites displayed a slight
increase in tensile strength and elastic modulus, with
the exception of the composite with 10 wt% of fiber.
Abhilash and Singaravelu [19] utilized rotational
molding to produce composites with LLDPE and
bamboo fibers at 5, 10, and 15 wt%. Before use, these
lignocellulosic fibers underwent a 5% NaOH (mer-
cerization) treatment. The authors do not recom-
mend the addition of 15 wt% of bamboo to LLDPEs
due to the occurrence of fiber agglomeration at the
corners of the mold and the observation of poor fiber
matrix bonding and adhesion. They also noted that
composites containing 5 wt% of bamboo exhibited
a superior balance compared to neat LLDPE. Al-
though these two studies [2, 19] arrive at similar con-
clusions regarding the effect of fiber content on me-
chanical properties, they used lignocellulosic fibers
of different sizes, namely coir fibers with an average
particle size of 125 um [2] and chopped bamboo
fibers with a maximum length of 5 mm [19]. In an-
other study, Andrzejewski et al. [16] produced com-
posites based on LLDPE and poly(lactic acid)
(PLA), both filled with buckwheat hull, using rota-
tional molding. The purpose was to investigate the
influence of the amount of filler (up to 30 wt%) and
the particle size (50, 50-200, and 200-500 pm) on
structure-property correlation. According to the au-
thors, it was challenging to produce composites from
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buckwheat hulls with particle sizes smaller than
50 um. Furthermore, the high porosity makes me-
chanical properties worse.

It is known that the interfacial bonding or adhesion
between hydrophilic fibers and hydrophobic matri-
ces affects mechanical properties [20], which maleat-
ing agents may improve [21]. A study by Robledo-
Ortz et al. [22] examined the use of maleic anhy-
dride-grafted polyethylene (MAPE) as a surface
treatment for agave and coir fibers to produce
LLDPE composites with 20 and 30 wt% of fibers via
rotational molding. According to the authors, pre-
treatment of the fibers with MAPE modified their
surface chemistry and enhanced compatibility and
adhesion with the polymer matrix. This result was
supported by a comparison of composite properties
with treated and untreated fibers. Cisneros-Lopez et
al. [23] studied the effect of agave, coir, and pine
fiber contents (10, 20, 30, and 40 wt%) on the prop-
erties of polyethylene composites with untreated and
MAPE-treated fibers. The authors stated that the sur-
face treatment was more effective for agave and coir
fibers because those fibers had higher holocellulose
and lower extractive contents than pine fibers. Fur-
thermore, the treatment improved fiber-matrix inter-
face quality in terms of adhesion, wettability, and
compatibility, resulting in better mechanical proper-
ties. In conclusion, there are few studies (Gupta and
Ramkumar [2]; Robledo-Ortiz et al. [22]; Cisneros-
Lopez et al. [23]; Abhilash and Singaravelu [19])
that investigated the production of LLDPE/coir fiber
composites by rotational molding, whose character-
izations were carried out by thermal, mechanical,
and morphological properties. This data supports
that the rotational molding process does not receive
as much attention as extrusion and injection for pro-
ducing more sustainable composites.

Therefore, the purpose of this study is to provide
more technical data about the LLDPE/coir compos-
ites processed by rotational molding, with the aim of
contributing to the growth and advancement of sci-
entific knowledge about this subject in the literature.
Thin-walled hollow cubes with different sizes and
amounts of fibers were made in this study using com-
posites of LLDPE and coir fibers, with or without
processing additives. All composites were character-
ized in terms of morphology, thermal and mechani-
cal resistance, and water absorption properties. Fur-
thermore, this study conducts the flammability test
and thermogravimetric analysis to measure thermal
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stability, two investigations not included in the pre-
viously cited papers. It was also evaluated how the
presence of the additives calcium stearate (CaSt) and
magnesium stearate (MgSt) interfered with the prop-
erties of the rotational-molded composites.

2. Experimental

2.1. Materials

Linear low-density polyethylene (LLDPE) ML3602U
specified for rotational molding (melt temperature:
127°C, density: 0.937 g-cm™>; melt flow index:
5g-10 min~" at 190°C, 2.16 kg™!) was supplied by
the Braskem company. The LLDPE in the form of
pellets was ground to a 40 mesh size using a Pallman
PKMem micronizer.

Coir fiber waste (CF) was donated by Projeto Coco
Verde Company in a chopped shape. The coir sample
was then milled (Marconi, model Ma580) and clas-
sified into 100 mesh (coded as CF-100) (149 um)
and 50 mesh (coded as CF-50) (297 um) (Tyler).
The coir fiber was just mechanically pretreated be-
cause this study prioritized the development of
processes that generate minimal effluents. The use
of pretreatment of fibers with chemicals [24] gener-
ally produces effluents that cause negative impacts
in production and that are added to the final product
[25]. The lignin content of coconut fiber was deter-
mined in duplicate according to the Klason method
(TAPPI T13M-54), whose value was 41.3+0.2%,
and it is comparable to the values reported in the lit-
erature (3146 wt%) [26-29]. a-Cellulose contents
were determined in duplicate according to the TAPPI
T19m-54 standard, adapted for lignocellulosic
fibers [30], and its value was 52.0+8.5%. Literature
[8, 31, 32] reports cellulose values between 27 and
44% for coconut fiber. The density of the coir was
1.60+0.10 g-cm3, evaluated according to ASTM
D792-08.

Maleic anhydride grafted polyethylene (MAPE)
(0.4 wt% maleic anhydride, density 0.905 g-cm™),
calcium stearate (CaSt) (density 1.08 g-cm™), and
magnesium stearate (MgSt) (density 1.03 g-cm™)
were evaluated as additives. MAPE and CaSt were
supplied by Sigma-Aldrich, and MgSt was donated
by the Universidade do Estado do Rio de Janeiro.
MAPE, received in pellet shape, was ground to
40 mesh size using a Pallman PKMem micronizer.
CaSt and MgSt were in powder form and used as re-
ceived. MAPE was chosen as a coupling agent for
the LLDPE and coir fibers [3]. The carboxylated

78

Table 1. Lists the functions of the components in formula-

tion.
Component Function
Linear low-density polyethylene .
(LLDPE) Y polyety Matrix
Coir fiber waste (CF) Renewable filler
Maleic anhydride grafted poly-| Assessment as compatibilizer
ethylene (MAPE) additive

Assessment as compatibilizer
additive and additive for avoid
of pinholes formation [33]

Calcium stearate (CaSt) and
magnesium stearate (MgSt)

salts CaSt and MgSt have a lower molecular weight
compared to MAPE and are recognized as sintering
enhancers for rotomolding polyethylene. They help
to reduce the number of bubbles in the final product
[33]. The purpose of testing those stearates is to de-
termine their effectiveness as an additive for the ro-
tomolding process, in comparison to MAPE. Kulikov
et al. [33] reported that products with surfaces free
of pinholes are made by adding 0.01 to 0.04 wt% of
fatty acid salt to olefin polymer-based rotational
molding mixtures. In this work, the amounts of CaSt
and MgSt were set at 1 wt%, in order to minimize
bubble formation caused by the presence of coir
fiber. The MAPE amount was also fixed at 1 wt% to
allow for better comparisons of properties. The mold
release agent used was Mepcodesmold 4200®.
Table 1 describes the function of each component in
the composite formulation.

2.2. Composites preparation

Table 2 and Table 3 show, respectively, the formula-
tions of the LLDPE/CF composites without and with
the additives. The experimental code is X/Y/W/Z,
where X and Y are the amounts of LLDPE and CF
[Wt%], W is the mesh of CF (CF-50 and CF-100),
and Z is the type of additive (MAPE, CaSt, MgSt).
The Z character appears only in the codes for com-
posites containing additives.

Table 2. Formulations of LLDPE/CF composites with no ad-
ditive [wt%].

LDPE/CF/CF-mesh | LLDPE CF-50 CF-100
100/0/0 100 - -
95/5/50 95 5 -
87.5/12.5/50 87.5 12.5 -
80/20/50 80 20 -
95/5/100 95 - 5
87.5/12.5/100 87.5 - 12.5
80/20/100 80 - 20
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Table 3. Formulations of LLDPE/CF-100 composites with additive [wt%].

LDPE/CF/CF-mesh/additive LLDPE CF-100 MAPE CaSt MgSt
100/0/0/0 100 - — - _
95/5/100/0 95 5 - - _
95/5/100/MAPE 94 5 1 —
95/5/100/CaSt 94 5 - 1 _
95/5/100/MgSt 94 5 - - 1

The total amount of each formulation placed in the
rotating molder (906 g) was determined according
to Equation (1) [34, 35]:
Qm:AS'EP'pp (1)
where Oy, is the amount of material [g], As the sur-
face area of the mold cavity [cm?], Ep is the part
thickness (0.3 cm), p, the polymer material density
[g-em™].

Firstly, all components were weighted and then dried
separately in an oven at 60°C for 24 h. Then, the
components of each formulation (Table 1 and
Table 2) were manually mixed for 5 min in a 31
plastic container.

The composites were prepared in a Rotoline 0.50
LAB Rotational Molding Machine (Figure 1a). The
mold release agent was applied inside the cubic iron
mold (24x24x24 cm), and then the mixture of com-
posite was added to the mold, which was attached to
the small axis of the machine. The set-up parameters
used were recirculation fan speed of 1300 rpm (man-
ual of Rotoline); oven temperature of 250°C [36,
37], axis rotation speed (large:small) of heating 4:1;
axis rotation speed (large:small) cooling of 2:1 [36—
38], cycle time heating of 15 min, and cycle time
cooling of 15 min. This study uses a lower oven tem-
perature for rotational molding of LLDPE compos-
ites with lignocellulosic fibers than those used in
previous studies (260°C [23], 280°C [17], and
300°C [2]). At the end of processing, the hollow
cube was taken off from the mold. The test speci-
mens were cut from cubes according to the ASTM
standards to assess the morphology, mechanical and
thermal properties, density, water absorption, melt
flow index, and flammability, comparing the results
with those of the neat LLDPE (code 100/0/0, Table 1
and Table 2). Figure 1 shows a photo of the Rotoline
0.50 LAB Rotational Molding Machine (Figure 1a)
and samples of cubes made from different compos-
ites (Figure 1b).
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95/5/100 87.5/12.5/100 95/5/50 87.5812.5/50

Figure 1. a) Rotoline 0.50 LAB Rotational Molding Ma-
chine and b)cubes produced with 95/5/50,
87.5/12.5/50, 80/20/50, 95/5/100, 87.5/12.5/100,
and 80/20/100 composites. (The red rule measures
15 cm.)

2.3. Characterization
2.3.1. Morphological analysis by scanning
electron microscopy

The CF-100 and CF-50 fiber samples, as well as the
cryofractured surfaces of the composites, were ex-
amined using a JEOL JSM-6510LV scanning elec-
tron microscope (SEM) to evaluate their morpholo-
gies. The samples were carbon taped to metal sup-
port stubs and then gold-coated. The purpose of this
analysis was to observe differences between CF-100
and CF-50 fiber morphologies, as well as the pres-
ence of bubbles and the adherence of fiber to matrix
in the interphase of rotomolded composites.
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2.3.2. Density of LLDPE and LLDPE/CF
composites

The density was determined based on ASTM D792-
20 and calculated using Equation (2). The test spec-
imen with dimensions of 20x20x3 mm was weighed,
suspended in air by a metal support, and then im-
mersed in ethanol at 23 °C in a beaker. This analysis
was done in duplicate.

. — a .
DenSIty - ma_mb pETOH

)
where m, is the sample mass weighed in air; my, is
the sample mass weighed in ethanol; pgroy is the
ethanol density at 23 °C (0.80 g-cm™) [39].

The theoretical densities of LLDPE/CF composites
were calculated using Equation (3), in which prppg
and pcr are, respectively, the experimental densities
determined for neat LLDPE and CF, and wy | ppg and
wcr are, respectively, the mass fraction of LLDPE
and CF in the composite (Table 1 and Table 2).

Theorlcal del’lSIty = pLLDPE . WLLDPE + pCF : WCF (3)

2.3.3. Melt flow index

The melt flow index (MFI) was measured at 2.16 kg
and 190 °C using a Dynisco LMI-4003 melt indexer,
based on the ASTM D1238-23a standard testing pro-
cedure. About 10 g of each composite were cut into
0.5%0.5 cm pieces using scissors. Prior to testing, all
samples were dried in an air-circulated oven at 60 °C
for 24 h. The MF1 test result represents an average
of five replicates.

2.3.4. Thermogravimetric analysis
Thermogravimetric analyses (TGA) were conducted
on a Q500 series thermogravimetric analyzer from
TA Instruments, according to ASTM E-1356-03.
Samples (about 10 mg) were submitted to testing at
a scanning temperature range of 25 to 700°C and a
heating rate of 10 °C-min~' in a nitrogen atmosphere
1

with a flow rate of 20 ml-min—".

2.3.5. Crystallinity degree measurement

A TA Instruments Q1000 differential scanning
calorimeter (DSC) was used to evaluate the crys-
tallinity degree of the neat LLDPE and their com-
posites. The DSC tests were run under the following
cycles: heating from 25 to 200°C at a heating rate
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of 10°C-min!, cooling to 25°C at a cooling rate of
10°C-min~!, and reheating from 25 to 200°C at a
heating rate of 10°C-min~'. Analysis was conducted
in N, with a sample mass ranging from 4 to 11 mg.
The crystallinity of the samples was calculated ac-
cording to Equation (4) [29, 40].

AH;
AH? W

X [%]= -100 @)
where 7, is the crystallinity degree, AH the variation
in the melt enthalpy of the composite, AH{ is the
melting enthalpy of 100% crystalline PE (293 J-g!)
[41, 42] and w is the LLDPE mass fraction in the

composites.

2.3.6. Water absorption

The water absorption test was performed based on
the ASTM D570-22 standard. The test specimens
with dimensions of 20x20x3 mm were completely
immersed in distilled water at 25°C. They were
thereafter removed at the times of 15, 30, 45 min, 1,
1.5, 2 h, 1, 2, and 7 days. For each of those times,
after the sample was removed, the water on the sur-
face was wiped out with absorbent paper, and the
sample was promptly weighed to the nearest 0.0001 g.
The water absorption was quantified using Equa-
tion (5):

Increase in weight [%]

_ wet weight — initial weight
N initial weight

100%  (5)

2.3.7. Mechanical properties

Tensile properties were determined according to
ASTM D638-22 using five test specimens (Type IV)
and an EMIC Model DL3000 testing machine with
a 5 kN load cell, a maximum grip displacement of
65 mm, and a crosshead speed of 5 mm/min. Flexural
strength was measured according to ASTM D790-
17. The test was conducted on an EMIC Model
DL3000 testing machine. The test specimens were
127 mm long, 12 mm wide, and 3.2 mm thick. Span
length was 52 mm for the three-point bending test.
Five test specimens were used for each composition.
Izod pendulum impact resistance was performed
using a CEAST Resil Impactor tester with a 2.75 ]
pendulum at an angle of 150°, according to the
ASTM D256-23¢1 standard. The test specimens,
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notched in accordance with the standard, were
63 mm long, 12.7 mm wide, and 3 mm thick. Ten
notched test specimens were used.

One-way ANOVA was performed using Statgraphics
Centurion 18, Version 18.1.16, at a confidence level
of 95% for the mechanical properties.

2.3.8. Flammability analysis

The flammability test measures how easily materials
ignite, how quickly they burn, and how they react
when burned. The tests were conducted for neat
LLDPE and composites samples based on ASTM
D635-22, in the horizontal position with a 45° flame
angle. The test specimen dimensions are 125 mm
long, 13 mm wide, and 3.0 mm thick. The burning
rate was calculated using Equation (6), where V is
the linear burning rate [mm-min~'], L is the burn
length [mm], and 7 is the time [s]. This test was done
in five replicates.

3. Results and discussion

3.1. Morphology of the coir fibers

Figure 2 shows six images for each CF-100 and
CF-50 sample randomly collected from their respec-
tive batches. As expected, the CF-100 is shorter than
the CF-50. The CF-100 fiber appears to have suf-
fered more damage during the milling process, re-
sulting in a ‘crumpled’ appearance and an uneven
surface. Furthermore, the CF-100 appears to have an
irregular diameter and length. On the other hand, the
CF-50 fiber appears to have a more regular structure,
a smoother surface, and fewer imperfections than the
CF-100. Milling destroys the original bundles, and
the fibers degraded in length do not show the external

form of the original fiber [43]. Since CF-50 is the
longest fiber, it has higher potential to produce com-
posites with superior mechanical behavior [2] than
the ones with CF-100. On the other hand, the pres-
ence of fibers with irregular contours and sharp re-
gions may produce points of stress concentrators,
which can have a negative effect on the mechanical
behavior of composites. Therefore, it is expected that
the difference in the morphologies between CF-50
and CF100 fibers may impact the properties of com-
posites.

3.2. Effect of coir content and size on
composite properties
3.2.1. Density and melt flow index
Table 4 shows the comparison of densities of CF,
neat LLDPE, and LLDPE/CF composites.
LLDPE/CF composites show similar experimental
density values as neat LLDPE, regardless of the fiber
content. This behavior contrasts with rotomolded
composite literature [5, 44] data, which shows a
slight increase in density of lignocellulosic compos-
ites, also expected according to the theoretical values
in Table 3. For instance, Lopez-Bainuelos et al. [44]
reported a density of 1.01 g-cm™ for a linear medi-
um-density polyethylene (LMDPE) filled with 15%
agave fiber and 0.94 g-cm™ for neat LMDPE.
Hanana et al. [5] reported a density of 1.04 g-cm™ for
LLDPE filled with 20% maple fiber and 0.93 g-cm™
for neat LLDPE. Furthermore, as the CF content in
the composite increases, the density ratio of experi-
mental/theoretical (E/T ratio) decreases. As the CF
content increases, the LLDPE/CF composites lighten,
possibly due to an increase in material porosity. The
polymer plastification process may generate voids
and gaps during rotomolding. These voids and gaps
remain in the mass until it cools, leaving a porous

Table 4. Density and melt flow index of LLDPE and LLDPE/CF composites [wt%].

Density
LDPE/CF/CF-mesh [g-em™] [ -11(‘)45511-1 |
Experimental, £ Theorical®, T E/T ratio &
100/0/0 0.92+0.10 0.937 0.98 4.80+0.20
95/5/100 0.89+0.10 0.951 0.94 4.48+0.18
87.5/12.5/100 0.91+0.10 0.972 0.93 3.68+0.18
80/20/100 0.89+0.10 0.994 0.90 2.64+0.22
95/5/50 0.93+0.10 0.951 0.98 4.00+0.10
87.5/12.5/50 0.92+0.10 0.972 0.94 3.20+0.10
80/20/50 0.91+0.10 0.994 0.91 2.56+0.22

aDetermined using density values for CF: 1.220 g-cm™ and LLDPE: 0.937 g-cm™.
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Figure 2. SEM images (magnification 500 pm) of CF-100 (a)—(f) and CF-50 (g)—(1) fibers.

surface for the molded part [34, 45]. Furthermore, the
presence of vegetal fiber, which is a hydrophilic ma-
terial, may promote bubble formation [5].

The measured MFI for the neat LLDPE (100/0/0)
was observed to be close to the value reported by the
supplier (5 g-10 min™"), indicating that no degrada-
tion occurred during rotomolding. In addition, in-
creasing the amount of CF in the composite resulted
in a decrease in MFI, regardless of the size of the
fiber. The fiber acts as a barrier to polymer flow, re-
sulting in an increase in molten mass viscosity [46,

82

47]. Despite the apparent lack of significant differ-
ences in MF1I values when compared to composites
with the same fiber content, the hypothesis test for
paired samples was used to more specifically assess
the influence of fiber size on MFI. This analysis re-
jects the null hypothesis for the comparisons of
95/5/100 and 95/5/50 (p-value = 0.00293) and
87.5/12.5/100 and 87.5/12.5/50 (p-value = 0.00293)
composites, but not for the comparison of 80/20/100
and 80/20/50 (p-value = 0.5811) composites. The re-
sults show that the MFI decreased when CF was
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added to LLDPE at a weight of 12.5% and a mesh  Table 5. Temperatures obtained from the TGA and DTA

size of 50.

3.2.2. Thermogravimetric analysis

Figure 3 depicts the thermal degradation behavior of
neat LLDPE (100/0/0) and LLDPE/CF-100 compos-
ites. The LLDPE/CF-50 curves were not shown be-
cause their profiles are similar to those of CF-100
composites. Table 5 shows the temperatures obtained
from the TGA and DTA curves.

As expected, Figure 3 and Table 5 show that neat
LLDPE (100/0/0) has a single-stage process, while
LLDPE/CF composites have two main degrading
events. The first event is caused by the thermal degra-
dation of CF, and the second one is caused by
LLDPE. Prasad et al. [48] stated the thermal degra-
dation of untreated coir fibers, evaluated by TGA at
a heating rate of 10°C-min~! in a nitrogen atmos-
phere, occurred between 200 and 380°C (hemicel-
lulose, lignin, and cellulose), which is consistent
with the temperature range of the first degradation
event depicted in Figure 3. Regardless of its size, the
addition of CF reduces the thermal stability of the
LLDPE matrix, which is to be expected given that
CF has lower thermal stability than LLDPE. A report
indicates that adding lignocellulosic fibers to an
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Figure 3. Overlay of TGA/DTG curves of neat LLDPE
(100/0/0) and LLDPE/CF/CF-100 composites
[Wt%].

curves of neat LLDPE (100/0/0) and LLDPE/CF
composites [wt%].

LDPE/CF/CF-mesh fg'(';;' Tg‘é’i‘ T;"gf
100/0/0 479 - 497
95/5/100 289 340 488
87.5/12.5/100 279 339 484
80/20/100 282 340 486
95/5/50 302 351 494
87.5/12.5/50 284 342 490
80/20/50 287 347 492

LLDPE matrix reduces its thermal stability [48].
However, because the Tyueet Values of LLDPE/CF
composites are significantly higher than the typical
operating temperatures of LLDPE-based rotomolded
products, their lower thermal stability does not im-
pede their use. No TGA results were found in the lit-
erature for rotomolded LLDPE/coir fiber composites
that would allow a better comparison with those
from this study.

3.2.3. Crystallinity degree measurement

Table 6 displays the enthalpies (AH), temperature of
crystallization (7¢), and crystallinity degree (y.) of
both neat LLDPE (100/0/0) and LLDPE/CF com-
posites. In general, the difference of x. between the
first and second heating cycles is minimal (approxi-
mately 2% on average), indicating that all samples
reach their maximum degree of crystallization dur-
ing rotomolding.

In addition, the . of neat LLDPE (44% in the second
heating) is similar to the values determined by Li et
al. [41] (40%) and Gupta and Ramkumar [2] (41%).
Regarding the effect of CF on y_, it is evident that
CF does not act as a nucleating agent as 7. values of
composites are not higher than the value of LLDPE.
In fact, the addition of CF produces the opposite be-
havior, specifically a slight decrease in 7. In addition,

Table 6. Enthalpies and crystallinity of neat LLDPE (100/0/0) and LLDPE/CF/CF-mesh composites [wt%].

s st s nd nd nd
LDPE/CF/CE-mesh ?"cll lﬁgl-'l )[(/1] I°Tc°1 T[";Cz] ﬁé‘ll X[c"/zol
100/0/0 131 136.6 47 114 127 128.9 44
95/5/100 130 127.0 46 111 125 122.4 44
87.5/12.5/100 130 127.4 50 115 126 124.6 49
80/20/100 130 108.8 46 112 126 104.1 44
95/5/50 129 124.5 45 111 126 121.9 44
87.5/12.5/50 130 123.6 48 111 126 117.7 46
80/20/50 130 118.7 51 111 126 112.8 48
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there appears to be no correlation between y. and the
amount of CF in the composites. The average of y,
for the first heating cycle for all composites is 48%
(standard deviation of 2%) whereas the value for
LLDPE is 47%. As a result, the presence of CF does
not inhibit LLDPE crystallization during the cooling
phase of rotomolding. Choudhury et al. [29] showed
that the crystallinity of polyethylene decreased with
the incorporation of short coconut coir fibers
(40 um) due to the reduction in the structural regu-
larity and packing capacity of the polymer chains in
the presence of the fibers, which probably also oc-
curred in this study. Gupta and Ramkumar [2] found
a gradually increasing the degree of crystallinity (41,
45, 46, 46, 48%,) with increasing the amount of coir
fiber (0, 3, 5, 7 and 10 wt%, respectively) added in
LLDPE due to increasing the nucleation arrange-
ment.

3.2.4. Water absorption

The water absorption assessment is an important
property for composites filled with lignocellulosic
fibers because the excessive water content can cause
issues such as dimensional instability and premature
degradation [22]. Figure 4 shows the water absorp-
tion against time for all composites.

Due to its hydrophobic nature, neat-LLDPE (100/0/0)
practically exhibits no weight gain during continu-
ous water immersion. Conversely, an increase in coir
content leads to an increase in water absorption over
time. Robledo-Ortiz ef al. [22] observed this behav-
ior and stated that water absorption is influenced by
the degree of interaction between the hydrophobic
polymer and hydrophilic filler. The authors of [22]

reported a water absorption of around 17% for
1008 h of test for the composite with 20 and 30 wt%
of coir fiber, which is lower than our results. The
presence of cavities, gaps, and other imperfections
throughout the material facilitates water diffusion,
thereby speeding up the process. Further, the in-
creased fiber length and volume in the composite
also contributes to increased water absorption [32].
Figure 4 demonstrates that LLDPE composites filled
with 12.5 and 20 wt% of CF-50 absorb water more
quickly than composites filled with CF-100 with the
same fiber content. This finding suggests that, despite
having a similar density to LLDPE/CF-100 (as dis-
cussed in the Section 3.2.1 ), the LLDPE/CF-50 com-
posites may have a structure with larger cavities and
gaps. Another factor that can contribute to the in-
crease in water absorption is the size of the fiber, since
CF-50 is longer than CF-100, as shown in Figure 2.

3.2.5. Mechanical properties

All properties have ANOVA p-values less than 0.05,
indicating a statistically significant difference be-
tween the samples. In order to identify which sam-
ples are significantly different from each other, mean
plots were generated for impact resistance (Figure 5),
modulus of elasticity and flexural modulus (Figure 6),
and tensile and flexural strengths (Figure 7). In this
analysis, a pair of intervals that do not overlap indi-
cates a statistically significant difference between the
samples at a confidence level of 0.05.

Figure 5 shows that all composites become weaker
as the CF content increases, regardless of fiber size.
Only the 95/5/50 composite has the same impact re-
sistance as the neat LLDPE. The 87.5/12.5/100,

35 — 35
® 100/0 ® 100/0
B 95/5/50 B 95/5/100
30F & 87.5/12.5/50 A 301 & 87.5/12.5/100
A 80/20/50 A 80/20/100
< 25 < 25} A
5 5
‘o 20 o 20 A
z N z
k= A A =
g 15 AR T A g 15 AA A
© A A * ®©
o . 0 A
210 2 10 A
A
5 oy o ‘ ¢ 5 :
P’S L 2 ¢ - VY L 2
[ 1] [ ] [ ] & m
of 8§ S8 ee o o ° ol e wdb @ ¢ & °
10 100 1000 10000 10 100 1000 10000
a) Time [min] b) Time [min]

Figure 4. Water absorption test: comparison of weight increase versus time for neat-LLDPE (100/0/0) and LLDPE composites

filled with a) CF-50 and b) CF-100.
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Figure 5. Impact resistance of neat LLDPE (100/0/0) and
LLDPE/CF/CF-mesh composites [wt%].

80/20/100, and 80/20/50 composites all exhibit the
same lowest impact resistance due to the overlap of
their respective mean intervals. Adding CF-50 at a
low concentration appears to have a less negative ef-
fect on impact resistance. Robledo-Ortiz et al. [22]
also reported a decrease in impact resistance of the
LLDPE composites with 20 and 30 wt% of coir
fiber, regardless of if the fiber was treated or not. Ac-
cording to the authors, factors that affect the impact
resistance are interaction between fiber-matrix,
porosity, and fiber agglomeration. In this study, the
main factor that contributes to reducing impact

700

resistance is fiber size and morphology. As previous-
ly discussed, the CF-100 is shorter fiber with more
imperfections than CF50 (Figure 2). Therefore, the
likelihood of the CF-100 having more stress concen-
trator points is higher than that of the CF-50, which
facilitates fracture propagation.

The mechanical properties shown in Figure 6 and
Figure 7 follow the same pattern as the impact re-
sistance pattern in Figure 5. As the amount of CF in-
creases, the property modulus of elasticity, flexural
modulus, tensile strength, and flexural strength all
go down. The flexural modulus values (Figure 6b)
were practically the same for the composites with
CF-100 and CF-50 mesh, regardless of the fiber con-
tent and quantity. The tensile modulus for the com-
posites with CF-100 fiber showed anomalous behav-
ior, mainly for the 87.5/12.5/100 composite, indicat-
ing that some random factor affected the cube pro-
duction. In terms of CF-50 fiber, the 95/5/50 and
87.5/12.5/50 composites had similar and higher
modulus values than the 80/20/50 composite. This
shows that adding more fiber makes the property
worse (Figure 6a). Similar behavior is found for ten-
sile and flexural strengths, shown in Figure 6. In
fact, the tensile properties of composites with CF-50
appear to have an inverse correlation with the in-
crease in fiber content, whereas the composites with
CF-100 fiber do not exhibit this behavior.

As previously discussed in Section 3.1, it was expect-
ed to observe the positive impact of the length of CF
fiber and the amount on the mechanical properties of
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Figure 6. Modulus of elasticity (a) and flexural modulus (b) of neat LLDPE (100/0/0) and LLDPE/CF/CF-mesh composites

[Wt%].
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Figure 7. Tensile strength (a) and flexural strength (b) of neat LLDPE (100/0/0) and LLDPE/CF/CF-mesh composites [wt%].

the composite [2, 49-51]. However, these correla-
tions were not observed in this study. Furthermore,
the more fragmented nature of CF-100 (Figure 2),
characterized by irregular contours and crumples,
contributed to the occurrence of “side effects”, which
in turn made this anomalous behavior more evident.
As a result, the deterioration of mechanical proper-
ties observed in the study can be attributed mainly
to the poor adhesion between coir fibers and LLDPE,
the presence of voids in the matrix, which reduce the
fiber size effect on the properties, and the irregular
(damaged) morphology of the fibers. Abhilash and
Singaravelu [52] reported a similar deterioration of
mechanical properties, despite having previously
treated the coir fiber with NaOH. Robledo-Ortiz et
al. [22] showed that the incorporation of untreated
fiber into the matrix decreased flexural strength from
21.4 MPa (neat PE) to 10.4 MPa with the addition
of 20 wt% coconut fiber, and to 8 MPa with 30 wt%.
In contrast, Gupta and Ramkumar [2] observed an
increase in elastic modulus (around 10%) and impact
resistance (around 15%) with increasing fiber con-
tent up to 7 wt%, which contradicts our findings.
Comparing this study with Gupta and Ramkumar
[2], it is found that there are significant differences
in the LLDPE grade used in both studies. For exam-
ple, the elastic modulus of neat LLDPE used in the
present work is 607 MPa, whereas Gupta and
Ramkumar [2] reported a value of 255 MPa.

3.2.6. Morphology of the LLDPE/CF composites
Figure 8 depicts SEM images of the impact test sur-
face of LLDPE/CF composites.
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As expected, more fibers become visible as the fiber
content increases, but no agglomerates are visible.
The voids surrounding the fibers clearly indicate a
lack of interaction between coir fiber and LLDPE.
Lopez-Banuelos et al. [44] and Hanana et al. [5] also
reported a similar lack of interaction between ligno-
cellulosic fiber and LLDPE. This incompatibility is
a result of LLDPE's hydrophobicity and CF's hy-
drophilicity [53]. Moreover, all samples showed some
voids and appear to have coir fibers oriented in the
transverse direction of the thickness. According to
the literature [34, 54], the presence of voids can be
attributed to the presence of residual moisture in the
CF fibers or to insufficient sintering densification of
the LLDPE. Nevertheless, neither of these two caus-
es could be responsible for the observed voids in the
samples, as the void shapes seen in the micrographs
are not characteristic of bubbles. In fact, the rotation-
al process lacks sufficient shear to produce a well-
mixed fiber and matrix composite, particularly when
the two components are incompatible. The fiber and
LLDPE then fail to adhere, resulting in microvoids
that expand during an impact test. In addition, the
presence of microvoids reinforces the lower £/T den-
sity ratios, as previously discussed.

3.2.7. Flammability analysis

The flammability test revealed that all samples
dripped. Furthermore, the neat-LLDPE (100/0/0)
sample deformed, whereas the LLDPE/CF compos-
ites maintained their shape. This behavior suggests
that CF plays a structural role in burning composites.
Figure 9 displays a comparison of the linear burning
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rates of the neat LLDPE (100/0/0) and the
LLDPE/CF composites.

The linear burning rate of neat LLDPE (100/0/0) is
65 mm-min~!, which is higher than the literature val-
ues reported for HDPE (20 mm-min~') [55] and
waste plastic bag (15 mm-min~") [56]. When con-
sidering how CF affects the burning rate, it is clear
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that only the fiber size has a significant impact on
the flammability behavior. For example, the linear
burning rate for LLPDE composites with CF-100
fibers goes up a lot, but it doesn't change at all for
CF-50 fibers. The increased surface area of smaller
fibers (CF-100) is responsible for this result. Ac-
cording to da Sylva Rocha et al. [55], the addition
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Figure 9. Linear burning rate of neat LLDPE (100/0/0) and
LLDPE/CF/CF-mesh composites [wt%].

of lignocellulosic fibers leads to an increase in the
burning rate of HDPE composites. This paper com-
pared the flammability results with various lignocel-
lulosic fibers, but it did not verify the relationship
between flammability and fiber size. In the study by
Umemura et al. [57], the polypropylene-based wood-
plastic composites burn faster than neat polymers.
In this study, wood is in the form of wood flour, a
material with a high surface area. Studies [58, 59]
on the effect of the non-renewable fiber lengths on
the flammability of composites have been carried
out, and differences have been observed. For in-
stance, Savas et al. [58] observed no effect of carbon
fiber length on flammability. Ghazzawi et al. [59] sug-
gest that short fiber (usually not larger than 5—10 mm)
contributes to the barrier effects during combustion
if combined with a high carbonization polymer ma-
trix. The size of the flame retardant strongly influ-
ences its efficiency [60].

3.3. Effect of coupling agent type on
composite properties
3.3.1. Density, melt flow index and water
absorption
The densities and Melt Flow Index (MFI) values for
95/5/100, 95/5/100/MAPE, 95/5/100/CaSt, and
95/5/100/MgSt composites are shown in Table 7.
The comparison of density data, shown in Table 7,
reveals that there is no significant difference ob-
served among the values. This finding suggests that
the type of additive does not contribute to the reduc-
tion of porosity in the 95/5/100/0 composite. In ad-
dition, adding CaSt and MgSt additives has the op-
posite effect, since 95/5/100/CaSt and 95/5/100/MgSt
composites showed a higher water absorption over
time compared to 95/5/100/0 and 95/5/100/MAPE
(Figure 10). This implies that the use of stearates in
the LLDPE/coir fiber composites likely results in the
formation of bigger pores. This behavior was not ex-
pected since it was reported in the literature [22, 29]
that the addition of a compatibilizing agent in
LLDPE and coconut fiber composites would cause a
decrease in water absorption. According to Robledo-
Ortiz et al. [22], surface treatment with MAPE de-
creased the water affinity of polyethylene compos-
ites with 20 and 30 wt% coconut fiber, leading to
water absorption values lower than 20 wt% in the
composites. The improvement of fiber-matrix inter-
facial bonding reduces water accumulation in inter-
facial gaps or voids, preventing water from entering
the fibers [29]. Kulikov and co-workers [33, 61]
found that glycerol monostearate, calcium stearate,
and zinc stearate decrease the melt viscosity and elas-
ticity of LLDPE, leading to faster densification and
bubble removal. The two stearate types used in this
investigation do not decrease the porosity or viscos-
ity (Table 7 and Figure 10). One reason that can

Table 7. Density and melt flow index of 95/5/100, 95/5/100/MAPE, 95/5/100/CaSt, and 95/5/100/MgSt composites [wt%].

Density
LDPE/CF/CF- lg-em™] MFI
mesh/additive - - [g-10 min™!]
Experimental, £ Theorical®, T EIT

95/5/100/0 0.89+0.10 0.951 0.94 4.48+0.18
95/5/100/MAPE 0.93+0.10 0.951 0.98 4.93+0.23
95/5/100/CaSt 0.91+0.10 0.953 0.95 4.32+0.18
95/5/100/MgSt 0.91+0.10 0.952 0.96 4.40+0.40

aDetermined using the density of CF:1.220 g-cm™ and LLDPE: 0.937 g-cm™.
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contribute to this contradictory behavior is that all in-
gredients in the formulation were manually mixed
before the rotomolding process. Additionally, the
lower density of LLDPE (0.937 g-cm™>) compared to
CaSt (1.08 g:cm™) and MgSt (1.03 g-cm™) con-
tributed to the segregation of the additives in the
composites. The amount of MAPE used in this study
can be insufficient to promote a reduction in porosity
in the 95/5/100/MAPE composite. In this case, the
hypothesis of segregation is not considered due to the
proximity in density between MAPE (0.905 g-cm3)
and LLDPE (0.937 g-cm™).

3.3.2. Mechanical property — modulus of
elasticity

Figure 11 shows the results of modulus of elasticity
of tensile test for 95/5/100/0, 95/5/100/MAPE,
95/5/100/CaSt, and 95/5/100/MgSt composites.
The elastic modulus of the 95/5/100/MAPE compos-
ite exhibits a similar magnitude as that of the
95/5/100/0 composite. The present finding diverges
from the results reported by Hanana et al. [5] and
Cisneros-Lopez et al. [23], which stated an increase
in this particular property with the presence of MAPE.
The absence of favorable findings in the modulus of
elasticity for 95/5/100/MAPE may be attributed to
the ineffective contribution of MAPE as a coupling
agent in this system. Consequently, coir fibers and
LLDPE have poor adhesion and matrix voids. Addi-
tionally, it is clear that the modulus of elasticity of
the 95/5/100/CaSt and 95/5/100/MgSt is significant-
ly lower than that of the 95/5/100/0 composite. Since
no increase in the MF1 values is observed (Table 6),
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additive composites: 95/5/100/0, 95/5/100/MAPE,
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one cannot justify the reduction of modulus because
of the plasticizer effect of CaSt or MgSt. The roto-
molding process commonly uses stearates as internal
release agents. According to Yeetsorn et al. [62] high-
er concentrations of these substances have a negative
effect on the mechanical properties of the final prod-
ucts. So, a plausible cause for a decrease in modulus
is the inadequate dispersion of the additives within
the matrix, resulting in regions with higher contents
and contributing to mechanical property deteriora-
tion. As a result, the aforementioned findings indi-
cate that incorporating the components of the com-
posites without prior mixing, such as in an extruder,
is not the optimal approach for manufacturing roto-
molding products.

4. Conclusions

The influence of the incorporation of coconut fiber
(CF) in the LLDPE matrix on rotomolded composite
properties was observed when compared to the pure
polymer. In general, composites containing CF-50
perform better than those with CF-100. This result
was attributed to the fact that CF-100 is more frag-
mented and irregular than CF-50. Further, increasing
the CF content causes a decrease in the mechanical
properties. This is due to the ineffective adhesion be-
tween coir fibers and LLDPE, as well as the presence
of voids in the matrix. The results showed that using
MAPE, CaSt, or MgSt as additives did not contribute
to reducing the porosity of the composites. More-
over, MAPE performed better than calcium and
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magnesium stearates in the elastic modulus of the
95/5/100/0 composite, although no reduction in the
porosity was observed. Our future work will be car-
ried out using prior extrusion of the composite to
seek greater interaction between the components and
a smaller number of bubbles.

Thermogravimetric analysis indicated a shift in
degradation temperatures to lower temperatures with
the addition of fiber to LLDPE, with values around
280 °C for compositions with 12.5 and 20 wt% fiber,
regardless of the mesh, and values around 290—
300°C for composites with 5 wt% of fiber (50 and
100 mesh). Neat LLDPE began to degrade at 479 °C.
All composites with CF-50 showed similar flamma-
bility behavior to the neat LLDPE.

In general, a composite with 5 wt% of CF-50 or
CF-100 has promising potential for hollow roto-
molded parts. The presence of ethylene maleic an-
hydride copolymer (MAPE) in the composite with
5 wt% of CF-100 also proved promising. The result
is quite interesting from an environmental aspect, as
it is a more renewable material and is obtained with
less energy consumption, since an extruder was not
used for its prior mixing. Large-scale rotomolded
parts can be produced with this composite and can
be used in equipment casings and storage boxes,
which are generally large parts for agricultural grains,
such as cotton, peanuts, soybeans, beans etc. Roto-
molding allows the production of hermetic and seam-
less parts, in addition to the parts being customiz-
able. Furthermore, products with lower technical
requirements, such as ornaments and large decora-
tive objects, can be produced with composites with
a higher percentage of fiber (10 and 20 wt%), which
results in a more renewable product in comparison
to using neat LLDPE.
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