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Abstract: Indonesia possesses abundant seaweed resources; however, their use in composites remains
limited. This study investigates the impact of incorporating green seaweed (Caulerpa lentillifera) as a
filler and polyethylene-grafted-maleic anhydride (PE-g-MA) as a coupling agent on the mechanical,
thermal, morphological, water uptake, and soil degradation properties of high-density polyethylene
(HDPE) biocomposite. C. lentillifera content in the biocomposite was varied from 10% to 40%, PE-g-
MA content ranged from 0% to 15%, and C. lentillifera particle size was also varied. Results indicate
that adding C. lentillifera significantly increases the biocomposite's modulus of elasticity (up to 1.63
GPa), thermal stability, and soil degradation resistance (up to 15%). The incorporation of PE-g-MA (up
to 5%) effectively reduces water uptake to 0.94%, slightly improves mechanical properties, and
enhances interfacial adhesion compared to the un-compatibilized biocomposite. A smaller C. lentillifera
particle size further decreases water uptake and soil degradation, reaching 0.45% and 1.13%,
respectively.

Keywords: seaweed biocomposite; HDPE; PE-g-MA,; biocomposites; mechanical and degradation
properties.

© 2024 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative
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1. Introduction

Composite materials play a crucial role in various industries due to their enhanced
properties, such as superior strength and stiffness compared to their constituent materials [1,2].
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Thermoplastic polymer-based composites, particularly those made from high-density
polyethylene (HDPE), are widely utilized for their availability, cost-effectiveness, heat
resistance, and chemical stability [3]. HDPE, a petroleum-derived plastic polymer, is
commonly employed in rigid packaging applications [4]. However, its slow degradation rate
raises environmental concerns [5,6].

To address this issue, developing HDPE-based biocomposites incorporating natural
fillers has gained attention. These biocomposites offer the potential to enhance biodegradability
and reduce reliance on non-renewable resources [7-9]. Biocomposites consist of a continuous
matrix phase and a discontinuous reinforcement or filler phase, with at least one component
derived from renewable sources [10,11]. Natural fillers, including seaweed, are attractive due
to their abundance, low cost, renewability, and processing flexibility [12-15].

Indonesia boasts vast seaweed resources, and one species with promising potential as a
filler is Caulerpa. Among the genera of green seaweed, Caulerpa has a large number of species
that are found in Indonesia [16,17]. C. lentillifera, one of the species of genus Caulerpa,
characterized by its grape-like vesicles, thrives in shallow waters and is increasingly utilized
in food, medicine, and cosmetics [18-20]. While previous studies have explored the use of
other seaweed species in biocomposites [21-23], the application of C. lentillifera remains
largely unexplored.

A key challenge in developing biocomposites is the inherent incompatibility between
hydrophilic fillers and hydrophobic matrices like HDPE, which often leads to high water
uptake and compromised mechanical properties. To overcome this, interfacial modification by
adding coupling agents, such as polyethylene-grafted-maleic anhydride (PE-g-MA), is crucial
[24-26]. PE-g-MA has improved filler-matrix adhesion and reduced water uptake in
biocomposites [27,28]. Therefore, this study aims to investigate the effects of incorporating C.
lentillifera as a filler, varying PE-g-MA content, and adjusting C. lentillifera particle size on
the mechanical, thermal, water uptake, soil degradation, and morphological properties of
HDPE biocomposites.

2. Materials and Methods

2.1. Materials.

Caulerpa lentillifera was collected from Halmahera, North Maluku province, Indonesia.
High-density polyethylene (HDPE) HD5218EA (melting point: 130°C, MFI at 190°C/2.16 kg:
18 g/10 min) was obtained from PT. Lotte Chemical Titan Nusantara Indonesia and
polyethylene-grafted-maleic anhydride (PE-g-MA) (viscosity: 500 cP at 140°C) were
purchased from Merck, Germany.

2.2. Preparation of C. lentillifera powder.

C. lentillifera seaweed was ground into a powder using a Retsch MM 400 Mixer Mill
(30 Hz, 15 x 4 minutes) and then sieved. The fine powder used for biocomposite fabrication
was the fraction that passed through a 40-mesh sieve but was retained on a 60-mesh sieve. A
finer fraction passing through a 60-mesh sieve and retained on an 80-mesh sieve was also used.
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2.3. Preparation of biocomposite.

Biocomposites were fabricated using a melt mixing method with a HAAKE Polylab
OS Rheomix system. First, HDPE was melted, followed by adding PE-g-MA and C. lentillifera
powder. The Rheomix was set at 140°C for 10 minutes at 80 rpm. The blended mixture was
then processed into dumbbell specimens via a HAAKE MiniJet Pro mini injection molder
(cylinder: 160°C, mold: 40°C, 700 bar, 20 seconds) and sheets via a YASUDA hot press
(160°C, 20 MPa, 8 minutes). The biocomposite fabrication process is illustrated in Figure 1,
while sample codes and compositions with varying C. lentillifera content, PE-g-MA content,
and particle sizes are detailed in Table 1.
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Figure 1. Preparation of making biocomposite.

Table 1. Sample codes and composition of biocomposites.

I Composition (g)
Sample Description HDPE C. lentillifera | PE-g-MA
HDPE HDPE 50 0 0

HPC 10% HDPE - PE-g-MA — Caulerpa 10% 44 5 1
HPC 20% HDPE - PE-g-MA — Caulerpa 20% 39 10 1
HPC 30% HDPE - PE-g-MA — Caulerpa 30% 34 15 1
HPC 40% HDPE - PE-g-MA — Caulerpa 40% 29 20 1
HCP 0% HDPE — Caulerpa - PE-g-MA 0% 45 5 0
HCP 5% HDPE — Caulerpa - PE-g-MA 5% 44.75 5 0.25
HCP 10% HDPE — Caulerpa - PE-g-MA 10% 44.5 5 0.5
HCP 15% HDPE — Caulerpa - PE-g-MA 15% 44.25 5 0.75
HPC large HDPE - PE-g-MA — Caulerpa! 44 5 1
HPC small HDPE - PE-g-MA — Caulerpa? 44 5 1

! Caulerpa powder passes a 40 mesh sieve retained by 60 mesh; 2 Caulerpa powder passes a 60 mesh sieve
retained by 80 mesh.

2.4. Characterization of biocomposite.

2.4.1. Fourier transform infrared (FTIR).

FTIR analysis was conducted using the attenuated total reflectance (ATR) method to
identify the presence of bonds between PE-g-MA and hydroxyl groups in the seaweed. The
spectra were collected within the range of 4000 cm ™ to 400 cm™.
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2.4.2. Mechanical properties.

Dumbbell-shaped biocomposite specimens, prepared according to ASTM D638 type
V, were subjected to tensile testing using a Shimadzu AGS-X Universal Testing Machine
(Kyoto, Japan). The tests were performed at a crosshead speed of 5 mm/min with a 5 kN load
cell.

2.4.3. Thermal properties.

Thermal stability was evaluated using a Perkin Elmer TGA 4000 thermogravimetric
analyzer. Samples were heated from 25°C to 500°C at a rate of 10°C/min. Additionally, thermal
transitions were analyzed using a Perkin Elmer DSC 4000 Pyris 1 differential scanning
calorimeter. Samples were subjected to a heating-cooling cycle between -20°C and 300°C at a
rate of 10°C/min.

2.4.4. Soil burial test.

Samples (2 cm x 2 cm) were buried 5 cm deep in soil (pH 7, relative humidity 84%) for
60 days. Mass measurements and visual observations were conducted every 15 days to assess
degradation. The percentage of soil degradability was calculated using Equation 1:

Degradability (%) = %L x 100 )

Where Wi is the initial weight (g), and Wf is the final weight (g).

2.4.5. Water uptake.

Water uptake was determined according to ASTM D-570-22. Samples (2 cm x 2 cm)
were immersed in water at room temperature for 24 hours. After surface drying, the samples
were re-weighed. The percentage of water uptake was calculated using Equation 2:

Water uptake (%) = wa; W 100 (2

i

Where Wi is the initial weight (g), and Wf is the final weight (g).
2.4.6. Morphology.

The surface morphology of biocomposites with and without PE-g-MA was examined
using a Thermo Scientific Quattro S field emission scanning electron microscope (FE-SEM) at
1 kV and 1000x magnification.

3. Results and Discussion

C. lentillifera contains chemical contents, with polysaccharides as a major component
[29]. The chemical content of C. lentillifera might vary because of their habitat, maturity level,
and environmental conditions [30]. The chemical contents of C. lentillifera from different
sources are presented in Table 2.

Table 2. Chemical contents of C. lentillifera from different resources.

Chemical contents of C. Sources . |
lentillifera Halma_hera, Okinawa,
Indonesia [18] Japan [31]
Moisture content 11.94+0.4 -
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Chemical contents of C. Sources - |
lentillifera Halma_hera, Okinawa,
Indonesia [18] Japan [31]
Ash 31.62+0.4 50
Extractives 11.53+1.44 5.4
a-cellulose 7.95+1.64 5.6
Hemicellulose 35.57 £0.37 20.7

3.1. FTIR analysis.

Figure 2 presents the FTIR spectra of HCP 0%, HCP 5%, HCP 15%, and HCP small
biocomposites. A summary of the observed peak wavelengths is provided in Table 3. All
biocomposites exhibited characteristic biomass peaks at 3356 cm™, 2917 — 2916 cm™%, 2848
cm™t, 1473 cm?, and 1462 cm* [32,33]. The broad absorbance at 3356 cm™ indicates the
presence of hydroxyl (O-H) groups from cellulose and hemicellulose in C. lentillifera [34-37].
The HDPE matrix contributed to peaks at 2917-2916 cm™ and 2848 cm™, representing
asymmetric and symmetric C-H stretching vibrations, respectively, and peaks at 1473 cm ™ and
1462 cm™, corresponding to C-H bending vibrations [27].
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Figure 2. FTIR spectrum of a) biocomposites without PE-g-MA,; b) biocomposites with PE-g-MA.

Table 3. FTIR spectral vibration of HDPE/ C. lentillifera biocomposites.

HCP 0% HCP 5% HCP 15% HPC small Possible peak assignments
(cm™) (cm?) (cm™) (cm?)
3356 3356 3356 3356 O-H stretching
2916 2917 2917 2916 asymmetrical stretching
vibration C-H
2848 2848 2848 2848 symmetrical stretching
vibration C-H
- - 1724 1734 C=0 stretching
1473 1473 1473 1473 bending vibration C-H
1462 1462 1462 1462 bending vibration C-H
- 1145 1125 1145 C-O streching

In biocomposites containing PE-g-MA, distinct peaks emerged around 1724 cm -
1736 cm tand 1145 cm™— 1125 cm™. These peaks confirm the formation of ester bonds (C=0
and C-O stretches) resulting from the esterification reaction between hydroxyl groups in C.
lentillifera and anhydride groups in PE-g-MA [38—40]. The absence of these peaks in the HCP
0% biocomposite indicates the lack of PE-g-MA in that formulation.
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3.2. Mechanical properties.

Figure 3 presents the mechanical properties of HDPE/C. lentillifera biocomposites with
varying C. lentillifera powder content (10%, 20%, 30%, 40%), PE-g-MA content (0%, 5%,
10%, 15%), and C. lentillifera particle size. For packaging applications, tensile strength and
modulus of elasticity are crucial mechanical characteristics. Adding 40% C. lentillifera to
HDPE reduced the biocomposite's tensile strength and elongation at break to 18.81 MPa and
2.98%, respectively, while increasing the elastic modulus to 1.63 GPa.
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Figure 3. Mechanical properties of HDPE and HDPE biocomposites with a variation of (a) C. lentillifera; (b)
PE-g-MA,; (c) particle size of C. lentillifera.

The mechanical properties of biocomposites are influenced by the matrix and filler.
Natural fibers, often rich in cellulose, typically act as reinforcing agents. However, C.
lentillifera contains a higher proportion of hemicellulose (35.57%) than cellulose (7.95%) [18].
Hemicellulose, unlike cellulose, does not significantly contribute to reinforcement. This
explains the slight decrease in tensile strength observed in HDPE/C. lentillifera biocomposites
compared to HDPE-based biocomposites filled with microfibrillated cellulose, which exhibit
high flexural strength (43.43-78.97 MPa) and flexural modulus (2.24-3.45 GPa) [41].

The addition of 5% PE-g-MA enhanced the mechanical properties of the biocomposites
compared to those without PE-g-MA, consistent with previous findings on HDPE
biocomposites [42-44]. This improvement is attributed to increased interfacial bonding
between the filler and matrix, facilitated by the formation of bonds between HDPE and the
polyethylene segment of PE-g-MA, as well as ester bonds between the maleic anhydride group
of PE-g-MA and hydroxyl groups in the seaweed [45]. The grafting reaction mechanism
between PE-g-MA and seaweed hydroxyl groups is illustrated in Figure 4. Increasing PE-g-
MA content beyond 5% did not yield significant further improvement, suggesting that 5% is
an optimal concentration for enhancing mechanical properties.
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Figure 4. Grafting reaction mechanism between MAPE and the hydroxyl group of seaweed.

The particle size of C. lentillifera also affected the biocomposite's mechanical
properties. Smaller particles (passing through a 60-mesh sieve but retained on an 80-mesh
sieve) resulted in a twofold increase in elongation at break compared to larger particles (passing
through a 40-mesh sieve but retained on a 60-mesh sieve). This observation aligns with findings
on PVA biocomposites containing Zostera algae fillers [46]. Smaller particle size improves
dispersion in the HDPE matrix, enhancing filler-matrix interactions and stress transfer [22].

For flexible packaging applications, which require good tensile strength and elongation
at break, the biocomposite with 10% C. lentillifera, 5% PE-g-MA, and small particle size is
more suitable. For rigid packaging, the biocomposite with 10% C. lentillifera, 5% PE-g-MA,
and large particle size is preferable due to its higher modulus of elasticity.

3.3. Thermal properties.
3.3.1. DSC analysis.

DSC analysis was employed to evaluate the thermal properties of the HDPE/C.
lentillifera biocomposites. This technique measures the energy absorbed (endothermic) or

released (exothermic) during heating, providing insights into melting and crystallization
behavior.
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Figure 5. DSC thermogram of HDPE and HDPE biocomposites variation of: (a) C. lentillifera; (b) PE-g-MA.

The impact of C. lentillifera and PE-g-MA on the melting temperature (Tm),
crystallization temperature (Tc), total melting enthalpy (AHm), and total crystallization
enthalpy (AHc) was investigated. As a semi-crystalline polymer, HDPE's crystal structure can

be disrupted by the addition of fillers and coupling agents, potentially altering its thermal
https://biointerfaceresearch.com/ 7 of 14
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properties [23]. Figure 5 displays the DSC curves for HDPE/C. lentillifera biocomposites with
varying C. lentillifera and PE-g-MA contents, while Table 4 summarizes the corresponding
thermal parameters.

Table 4. The value of the thermal parameters of HDPE and HDPE biocomposites is based on the DSC analysis.

Sample Tm (°C) AHm (J/g) Tec (OC) AHc (J/g)
HPC 10% 130.29 159.25 114.57 -145.09
HPC 20% 129.36 132.52 114.66 -121.01
HPC 30% 129.08 116.38 114.88 -104.65
HPC 40% 128.89 112.53 115.25 -90.48

HDPE 129.31 173.50 113.85 -155.95

HCP 0% 130.13 170.25 114.14 -136.52
HCP 5% 133.05 156.54 114.03 -141.41
HCP 10% 130.92 160.91 113.97 -133.66

The addition of C. lentillifera had a negligible effect on the melting and crystallization
temperatures compared to pure HDPE (129.31°C and 113.85°C, respectively). However, both
C. lentillifera and PE-g-MA reduced the AHm of the biocomposites, indicating a decrease in
crystallinity. Notably, the AHm decreased to 112.53 J/g with 40% C. lentillifera and 160.91 J/g
with 10% PE-g-MA. Conversely, the crystallization enthalpy (AHc) increased with the addition
of both C. lentillifera and PE-g-MA, reaching -90.48 J/g and -133.66 J/g with 40% C.
lentillifera and 10% PE-g-MA, respectively, suggesting enhanced crystallization behavior
compared to pure HDPE.

3.3.2. TGA analysis.

TGA was employed to assess the thermal stability of the biocomposites by monitoring
weight loss as a function of temperature. Figure 6 demonstrates that both C. lentillifera and
PE-g-MA content influenced the thermal degradation behavior. The weight-loss parameters at
various temperatures are presented in Tables 5 and 6. The thermal degradation of
biocomposites with varying C. lentillifera content occurred in three stages, as evidenced by
three peaks in the derivative thermogravimetry (DTG) curve. The initial stage, spanning from
25°C to approximately 200°C, involved weight loss primarily due to water evaporation from
hydroxyl (-OH) groups in the seaweed [47]. The second stage, occurring between 200°C and
400°C, resulted from the depolymerization of organic components in the seaweed, such as
lipids, proteins, carbohydrates, hemicellulose, and cellulose [48]. The final stage, between
400°C and 500°C, involves the thermal degradation of the HDPE matrix [49].

-1,0 -1

a) 100 - b)100 1
0,5
80 =
_______ A 0,0 0
- o -~ )
X S X s
< ' 058 T g
= ~ £ i
2 = O 1-1=
[ T © o
2 404 1-°§ 2 =
3 3
20 e
——HPC 10% ——HCP 0% I
—— HPC 20% -2,0 ———HCP 5%
04 ——HPC30% 04 ——HCP 10%
T T T T T T T T T -2,5 T T T T T T T T T -3
50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550
Temperature (°C) Temperature (°C)

Figure 6. TGA and DTG thermogram of HDPE biocomposites variation: (a) C. lentillifera; (b) PE-g-MA.
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Table 5. Value of thermal stability HDPE/C. lentillifera biocomposites with a variation of C. lentillifera based
on the weight loss obtained through TGA and DTG.

WL WL WL
Samples stage 1 stage 2 stage 3 Weight loss (%) Residue (%)
(%) (%) (%)
HPC 10% 1.89 5.95 85.80 93.64 6.36
HPC 20% 3.73 7.92 79.61 91.27 8.73
HPC 30% 5.61 10.96 70.78 87.35 12.65

Table 6. Value of thermal stability HDPE/C. lentillifera biocomposites with the variation of PE-g-MA based on
the weight loss obtained through TGA and DTG.

Samples Stage 1 (°C) WL (%) Residue (%)
HCP 0% 480.47 95.03 4.97
HCP 5% 485.36 96.56 3.44
HCP 10% 483.67 96.15 3.85

Increasing the C. lentillifera content decreased overall weight loss percentage, dropping
from 93.64% to 87.35% with 30% seaweed. However, the initial weight loss at the beginning
of heating was higher for biocomposites with higher seaweed content due to the increased
presence of cellulose and hemicellulose. Conversely, the thermal degradation residue increased
with increasing C. lentillifera content.

The degradation of HDPE/C. lentillifera biocomposites containing PE-g-MA occurred
in a single step. Adding 5% PE-g-MA increased the decomposition temperature to 485.36°C,
compared to 480.47°C for the biocomposite without PE-g-MA, indicating improved thermal
stability. However, the biocomposite with 5% PE-g-MA exhibited a slightly higher weight loss
percentage (96.56%) and lower residue (3.44%) than the biocomposite without PE-g-MA
(95.03% weight loss, 4.97% residue). This suggests that while PE-g-MA enhances thermal
stability, it may also lead to higher degradation at elevated temperatures.

3.4. Soil burial test.
The biocomposite degradation results in soil are presented in Figure 7.
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Figure 7. Degradation of HDPE and HDPE/C. lentillifera biocomposites on soil with a variation of (a) C.
lentillifera; (b) PE-g-MA; (c) particle size of C. lentillifera.
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A higher C. lentillifera content resulted in faster degradation, as evidenced by the
increased weight loss, reaching up to 15%. This observation aligns with findings on LLDPE
biocomposites containing date waste fillers, where increasing natural filler content also led to
higher weight loss [50]. The presence of microorganisms in the soil, facilitated by adding EM4
as a microbial consortium, likely contributed to the degradation process. Seaweed with higher
cellulose and lignocellulosic content provides more attachment sites for microorganisms,
accelerating their growth and the subsequent degradation of the biopolymer. These
microorganisms utilize the biopolymer as a carbon source, causing chain scission and
fragmentation into lower molecular weight compounds [51].

Figure 7b reveals that biocomposites without PE-g-MA exhibited greater weight loss
than those with PE-g-MA. Furthermore, increasing PE-g-MA content led to slightly higher
weight loss. However, the 5% PE-g-MA formulation demonstrated the most effective
interaction with C. lentillifera and HDPE particles, as supported by FTIR analysis (Figure 2b)
and the highest elastic modulus values (Figure 3b). This enhanced interaction likely made the
biocomposite more resistant to microbial attack, requiring more time for degradation.

Pure HDPE remained undegraded after 60 days due to its hydrophobic long carbon
chains, which resist degradation. Adding PE-g-MA up to 15% had minimal impact on the
degradability of the biocomposites.

The particle size of C. lentillifera powder also influenced degradation. Biocomposites
with larger particles exhibited higher degradation (2.74%) compared to those with smaller
particles (1.18%). Similar results have been reported for LDPE biocomposites with wood flour
and flax straw oil fillers [52]. This can be attributed to the better encapsulation of smaller C.
lentillifera particles within the polymer matrix, hindering microbial penetration, whereas larger
particles may be more loosely connected, facilitating microbial access to the composite.

3.5. Water uptake.

Figure 8 illustrates the water uptake of the biocomposites. Water absorption increased
with increasing C. lentillifera content, reaching 10.74% at 40% seaweed.
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Figure 8. Water uptake of HDPE and HDPE/C.lentillifera biocomposites with a variation of a) C.
lentillifera; b) PE-g-MA,; c) particle size of C. lentillifera.
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This is attributed to the abundance of hydroxyl groups in cellulose and hemicellulose,
which are known for their hygroscopic nature [29]. The incorporation of PE-g-MA
significantly reduced the water uptake compared to biocomposites without PE-g-MA. This is
due to the covalent bonding between the anhydride group in PE-g-MA and the hydroxyl groups
in cellulose and hemicellulose, reducing the number of free hydroxyl groups available for water
binding [53]. The particle size of C. lentillifera also influenced water uptake. Biocomposites
with larger particles exhibited a higher water uptake (1.10%) than those with smaller particles.
This is likely due to better encapsulation of smaller particles within the polymer matrix,
limiting their interaction with water molecules [52].

3.6. Morphology.

The surface morphology of HDPE/C. lentillifera biocomposites without PE-g-MA
(HCP 0%) and with 5% PE-g-MA (HCP 5%) were examined using field emission scanning
electron microscopy (FE-SEM) at 1000x magnification (Figure 9). The biocomposite without
PE-g-MA exhibited a rough, uneven surface, with C. lentillifera not well-distributed in the
HDPE matrix. This observation aligns with previous studies on polyethylene biocomposites
[54] and is attributed to poor adhesion between the hydrophobic HDPE matrix and the
hydrophilic seaweed filler. Such poor adhesion can lead to the formation of cracks and voids
at the interface [42].

In contrast, the biocomposite containing 5% PE-g-MA displayed a more even
distribution of C. lentillifera, indicating improved interfacial adhesion between the filler and
matrix. This improvement is likely due to the PE-g-MA coupling agent facilitating stronger
interactions between the two components [55].

S e e

Figure 9. Scanning electronic microscopy (SEM) image of HDPE/C.lentillifera; (a) without PE-g-MA (HCP
0%); (b) with PE-g-MA 5% (HCP 5%) biocomposite surface at magnifications of 500x
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4. Conclusions

Incorporating C. lentillifera in HDPE significantly influences the tensile strength,
elongation at break, and modulus of elasticity of the resulting biocomposites. The addition of
10% small-particle-size C. lentillifera yields a biocomposite with a tensile strength of 23.11
MPa and elongation at a break of 22.53%, making it suitable for flexible packaging
applications. Conversely, incorporating 10% large-particle-size C. lentillifera results in a
biocomposite with a higher modulus of elasticity (0.99 GPa), making it suitable for rigid
packaging. Furthermore, adding seaweed enhances the biocomposites' degradation stability,
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reducing weight loss to 87.35% and soil degradation to 15.67% over 60 days. The incorporation
of PE-g-MA, up to 10%, improves tensile properties and thermal stability due to enhanced
interfacial adhesion between HDPE and C. lentillifera. Additionally, PE-g-MA effectively
reduces the water uptake of the biocomposites. Biocomposites with smaller C. lentillifera
particle sizes exhibit lower water uptake (0.45%) and soil degradation compared to those with
larger particle sizes.
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