:.L.L'L:L.:EL'L:; Journal of fVlDPl
it Composites Science \)
o Z
Article

Utilization of Spent Coffee Grounds as a Sustainable Resource
for the Synthesis of Bioplastic Composites with Polylactic Acid,
Starch, and Sucrose

Sri Yustikasari Masssijaya 1, Muhammad Adly Rahandi Lubis 2{, Rossy Choerun Nissa 2,

2

Yeyen Nurhamiyah 2(%, Pramono Nugroho 2, Petar Antov 3>, Seng-Hua Lee *(J, Antonios N. Papadopoulos >*{,

Sukma Surya Kusumah *

check for
updates

Citation: Masssijaya, S.Y.; Lubis,
M.AR; Nissa, R.C.; Nurhamiyah, Y.;
Nugroho, P; Antov, P.; Lee, S.-H.;
Papadopoulos, A.N.; Kusumah, S.S.;
Karlinasari, L. Utilization of Spent
Coffee Grounds as a Sustainable
Resource for the Synthesis of
Bioplastic Composites with Polylactic
Acid, Starch, and Sucrose. ]. Compos.
Sci. 2023, 7,512. https://doi.org/
10.3390/jcs7120512

Academic Editor: Alfonso Maffezzoli

Received: 25 September 2023
Revised: 22 November 2023
Accepted: 28 November 2023
Published: 7 December 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Lina Karlinasari 1'*

Department of Forest Products, Faculty of Forestry and Environment, IPB University, Dramaga,

Bogor 16680, Indonesia; titamassijaya@gmail.com

Research Center for Biomass and Bioproducts, National Research and Innovation Agency (BRIN), Jalan Raya
Bogor Km. 46, Bogor 16911, Indonesia; muhal42@brin.go.id (M.A.R.L.); ross002@brin.go.id (R.C.N.);
yeye001@brin.go.id (Y.N.); pram001@brin.go.id (P.N.)

Faculty of Forest Industry, University of Forestry, 1797 Sofia, Bulgaria; p.antov@ltu.bg

Department of Wood Industry, Faculty of Applied Sciences, Universiti Teknologi MARA (UiTM), Cawangan
Pahang Kampus Jengka, Shah Alam 26400, Malaysia; hua_cai87@hotmail.com

Laboratory of Wood Chemistry and Technology, Department of Forestry and Natural Environment,
International Hellenic University, 661 00 Drama, Greece

*  Correspondence: antpap@for.ihu.gr (A.N.P.); sukm002@brin.go.id (5.5.K.); karlinasari@apps.ipb.ac.id (L.K.)

Abstract: Polylactic Acid (PLA) is a biodegradable polymer, but the cost of PLA is not competitive
compared to polyolefins. The development of bioplastic composites by blending PLA with spent
coffee grounds (SCG) and thermoplastic starch (TPS) is an effective way to reduce the cost of PLA. This
study aimed to investigate and evaluate the feasibility of using SCG to develop bioplastic composite
materials with a blend of PLA and TPS. Bioplastics were fabricated with various SCG contents (5,
10, 15 wt%). The physical and mechanical characteristics of the bioplastic composite decreased as
the SCG content increased owing to the higher aggregation caused by SCG dust. However, the
bioplastics manufactured with the addition of SCG exhibited enhanced crystallinity, resulting in
enhanced thermal properties compared to the composites without SCG. The best characteristics of
bioplastics, obtained with a 5% SCG addition, were as follows: water vapor transmission rate of
1276 g d/m?, water vapor permeability (WVP) of 1.86256 x 10~ g/ms Pa, Young’s modulus of
420 MPa, elongation of 2.59%, and tensile strength of 5 MPa. Based on the results obtained, it can be
concluded that the addition of SCG is not recommended for improving the physical and mechanical
properties of bioplastics. However, owing to its large content of organic compounds, SCG represents
a promising and low-cost functional material that can be exploited in the development of various
value-added products.

Keywords: bioplastic composite; physical properties; polylactic acid; spent coffee grounds; thermal
stability

1. Introduction

The increased industrial interest in the development of advanced biodegradable
polymeric materials with engineered properties is driven by the growing demand for novel
biobased materials for a variety of value-added applications [1]. Biodegradable polymeric
materials are commonly used as medical products and food packaging [2]. Examples of
biodegradable polymers include polylactic acid (PLA), polyhydroxyalkanoates (PHAs),
poly hydroxybutyrate-valerate (PHBV), and poly (butylene succinate) (PBS) [3-5]. PLA is
one of the most promising biodegradable polymers because of its excellent processability,
biocompatibility, strength, clarity, firmness, biodegradability, water solubility, transparency,
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and oil resistance [6-8]. PLA is an aliphatic semicrystalline biopolymer produced from
renewable agricultural feedstocks rich in carbohydrates such as corn, sugar beets, and
potato starch [9]. PLA is usually used in biomedical applications, such as implant devices,
wound dressings, and tissue scaffolds, as well as in food packaging and 3D printing [10,11].
PLA, on the other hand, is deemed to be more expensive than polyolefin or other synthetic
industrial materials [7,12,13]. Park et al. [7] and Wang et al. [12] stated that blending PLA
with other biodegradable polymers is an effective way to overcome the weakness of PLA.

The production and processing of coffee, considered the second most traded product
after petroleum, is associated with the accumulation of significant amounts of by-products,
i.e., coffee husks, pulp, silver skin, and spent coffee grounds (SCG). Spent coffee grounds
(SCG) are promising candidates for the development of PLA-based biodegradable polymer
blends because of their widespread availability and low cost [9,14]. The cost of the final
products can be reduced by blending PLA with SCG. According to the Indonesian Statistics
Center (2019), the annual production of coffee in Indonesia is estimated at approximately
731.6 tons. SCG is a solid residual by-product obtained from coffee brewing [15]. According
to Karmee et al. [14], one ton of green coffee beans can produce approximately 650 kg
of SCG. It has become a significant environmental problem because coffee grounds are
dumped in landfills, but SCG can also be found in streets, pavements, and riverbeds [16,17].
The huge amounts of SCG generated each year from coffee production require efficient
waste management in line with stricter environmental legislative regulations. Thus, there is
an increased need to implement proper recycling techniques for this type of organic waste,
which would also contribute to the ongoing industrial transition towards a more circular,
closed-loop bioeconomy.

Many studies have attempted to recycle SCG as an adsorbent, fertilizer, soil amend-
ment, biofuel, and in fermentation processes [14,18-20]. SCG contains proteins, lipids,
phenolic compounds, polysaccharides, caffeine, tannins, and polyphenols [20]. A large
volume of oxygen is required to decompose the organic structure of SCG [21]. In addition,
SCG can be potentially developed as a bioplastic [20]. Bioplastics are a good alternative
for controlling the use of conventional plastics, particularly single-use items [22]. SCG has
better elongation at break than coffee skin and coffee chaff, according to a few studies that
have investigated the usability of SCG for the development of bioplastics [23,24]. Zarrin-
bakhsh et al. [24] found that the thermal stability of SCG is better than coffee chaff. Yu
et al. [11] stated that SCG can be used as a nucleation agent in PLA. The addition of SCG to
the PLA-based composite increased the crystallinity. Yu et al. [11] found that the mechanical
strength and thermal properties will increase if the material has good crystallinity.

Another drawback of PLA is its brittleness and poor breaking strain [12]. Moustafa
etal. [13] stated that PLA requires plasticizing agents to enhance ductility. In the research by
Yu et al. [11], voids were discovered in the PLA-SCG composite, which can be avoided by
adding thermoplastic starch. Thermoplastic starch (TPS) is a homogeneous material from
native starch, blended with plasticizers such as glycerol, sucrose, water, etc. [9,25]. TPS is
usually used for short-life plastic applications, such as food packaging [26]. The plasticizer
used in this study was glycerol with sucrose addition. Several studies have shown that
glycerol has a positive impact on starch [5,26,27]. Glycerol is the most commonly used
plasticizer for TPS because of its high boiling point, availability, and low cost [10]. The
study found that PLA/TPS blends have no voids because plasticizers soften the amorphous
phase, thereby improving the interfacial interaction between the two polymers [9,26]. TPS
can also act as a filler and decrease brittleness [28]. The aim of this research work was to
blend PLA/TPS with SCG to produce bioplastics with reduced costs. The objective of this
research was to improve the thermal properties and ductility of PLA-based polymers in
order to develop bioplastic composite materials containing a blend of SCG and TPS.
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2. Materials and Methods
2.1. Materials

The materials used in this study were spent coffee grounds (SCG), polylactic acid
(PLA), tapioca starch, glycerol, and sucrose. The SCG used was composed of Arabica and
Robusta blends with a ratio of 60:40, which were collected from a local coffee shop named
the D’Jati coffee (Bogor, Indonesia). Before use, the SCG were oven dried at 60 °C for 24 h.
PLA was purchased from Prusa Polymers, the density was 1.24 g/cm?. Tapioca starch was
obtained from PT. Umas Jaya Agrotama (Lampung, Indonesia). Extra purity-grade sucrose
was purchased from MERCK (Jakarta, Indonesia), and glycerol was purchased from P&G
Chemicals (Cincinnati, OH, USA).

2.2. Development of Bioplastic Composites

Three blending steps were employed in this research work in order to obtain a ho-
mogenous material from SCG, PLA, starch, and plasticizers (glycerol and sucrose) (Table 1,
Figure 1). In the first step, thermoplastic starch (TPS) was prepared with a starch: glycerol:
sucrose ratio of 63/34/3. One batch (50 g) was blended with Haake Rheomix at 135 °C
for 10 min. The rotor speed was set at 80 rpm. After the blending process was completed,
10 g of the material was hot-pressed at 135 °C for 5 min, and the material became a TPS
bioplastic sheet. The sheet was cut into small pieces and mixed into the next blend.

Table 1. Composition of the bioplastics fabricated in this study.

Blending Stage Sample Name Material
First TPS Starch/glycerol/sucrose (63%/34%/3%)
Second PLA-TPS PLA/TPS (60%/40%)
Third SPT-5% SCG/PLA-TPS (5%/95%)
SPT-10% SCG/PLA-TPS (10%/90%)
SPT-15% SCG/PLA-TPS (15%/85%)
Second blending Third blending
TPS-Sucrose
(TPS-S)

PLA-TPS-S

» SCG-PLA-Thermoplastic Starch-Sucrose

[
¥

SCG
,‘f‘. e (SPT bioplastic)

Figure 1. SPT bioplastic making process.

The second blend was composed of granular PLA and TPS at the ratio of 60:40. The
rheomixer temperature was set at 160 °C for 10 min, the rotor speed was set at 80 rpm, and
the material was hot-pressed at 160 °C for 5 min. Subsequently, the PLA-TPS bioplastic
composite was cut into small pieces.

The third blend was PLA-TPS bioplastic and SCG. There were three variations in the
SCG content: 5, 10, and 15 (wt%). The sample (50 g) was blended with rheomixer at 160 °C
at a rotor speed of 80 rpm for 10 min. Subsequently, the material was hot pressed at the same
temperature and time. The SCG-PLA-TPS (SPT) bioplastic composite was characterized.
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2.3. FTIR Analysis

Fourier transform infrared (FTIR) spectroscopy was performed using an FTIR 4000 spec-
trometer (PerkinElmer Inc., Waltham, MA, USA). The spectra used were in the frequency
range 4000-280 cm~!. The samples were prepared by cutting the composite bioplastic into
1cm x 1 cm pieces. FTIR analysis was performed according to ASTM E2412-10 [29].

2.4. Thermal Properties Analysis

The thermal properties of the SPT bioplastic composites were observed using Dif-
ferential Scanning Calorimetry (DSC) and thermogravimetric analysis (TGA). TGA was
performed using a TGA 8000 (Perkin Elmer Inc., Waltham, MA, USA) from room tempera-
ture to 500 °C, at a heating rate of 10 °C/min. DSC analysis was performed using a DSC
4000 (Perkin Elmer Inc., Waltham, MA, USA) from —20 °C to 500 °C at a heating rate of
10 °C/min. Samples were prepared at a concentration of 10 mg. Thermal property analysis
was performed according to ASTM E1131-20 [30].

2.5. Water Vapor Transmission Rate (WVTR) and Water Vapor Permeable (WVP) Analysis

The WVTR measurements were performed by observing the weight of the sample eight
times. The WVTR sample size was 3 x 3 cm. The sample was placed in the climatic chamber
POL-EKO Apatura-type KK500 TOP+ INOX /G (POL-EKO sp k., Wodzistaw Slaski, Poland).
Relative humidity (RH) was set to 90% at 25 °C. WVTR was measured using ASTM-E9% [31].
The WVTR and WVP values were determined using the following formulas:

-2
gm _ slope (g/s)
Wik (i) = SR

where slope is the slope of the linear portion of the plot of weight gain versus time, and A is
the sample permeation area.

wvp (m.f.Pa) - WVZ{’ -

where L is the mean film thickness (1), and AP is the partial water vapor pressure difference
between the two sides of the film (Pa).

2.6. Mechanical Strength Analysis

The mechanical strength of the SPT bioplastic developed under laboratory conditions
was tested using a UCT-5 Universal Testing Machine (Orientec Co., Ltd., Tokyo, Japan).
The tests were based on the ASTM D882-12, 2012 standard [32]. The sample was shaped
like a dog bone, using Dumbbell Die Cutter. Before testing, the samples were measured
using a micrometer screw.

2.7. X-ray Diffraction
X-ray diffraction (XRD) patterns were analyzed at diffraction angles (20) ranging from
5 to 65°. Crystallinity was examined using the following equation:

total area of crystalline peaks
total area of the crystalline and amorphous peaks

Crystallinity index =

2.8. FESEM Analysis

The morphology of the samples was captured using a cellphone, Keyence, and Field
Emission Scanning Electron Microscope (FESEM) with a Thermo Scientific Quattro. The
sample was cut transversely approximately 0.05 cm then coated with a thin layer of gold
using the sputtering method. The samples were analyzed at 1000 x magnifications with an
acceleration voltage of 10.00 kV and a high-vacuum detector.
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2.9. Biodegradability Analysis

The biodegradability analysis was by ASTM G21 [33] using salt agar as the media
and Aspergillus niger as the decomposing agent, as referenced in Nissa et al. [19]. The SPT
bioplastic was cut into size 1.5 cm x 1.5 cm; every variation was repeated 3 times. The test
took 14 days to complete. The equipment was sterilized before testing using an autoclave
for 15 min. Stock cultures were obtained from 10 mL sterile aquades mixed with A. niger
using a wire loop. Then, 1 mL of stock culture was added to 9 mL of sterile aquades to
make a 107! culture. Next, 1 mL of the 10! culture was added to 9 mL of sterile aquades
to get 1072 culture. One hundred puL of 10~2 culture was placed in a sterile Petri dish. Salt
agar was added to each petri dish to a volume of 20 mL. After the salt agar became solid,
each SPT bioplastic sample was placed on the surface of the salt agar. Next, 100 uL of 102
culture was spread equally on the surface of the SPT sample.

3. Results and Discussion
3.1. FTIR Spectra

FTIR is used to identify the structure of molecules using a spectrum which specifically
describes chemical bonds [34]. Figure 2a shows the FTIR results for the SPT bioplastic. In
zone 1 (4000-2500 cm 1), peaks were found at 3311 cm ™! indicating an aromatic ring (C-H),
and a peak at 2926 cm ! indicating methylene C-H asymmetry from aliphatic coffee oil [35].
In addition, there was some vibration stretching from O-H groups which correlated with
the hydroxyl groups of polysaccharides (e.g., cellulose) and water [20,34,35]. The formation
of these peaks was due to the presence of lipids in the SCG [20,35]. There was an expansion
of the peak between 3000-3600 cm ™! due to the presence of plasticizers such as glycerol
and sucrose. This reduced the bond strength of the polymer chain [27].

—— P PLA-TPS——SCG
Starch

Sucrose
PLA

Glyeerol

W
]

1080

2916
1459

922

— | ——SPT-15%
1651

SPT -10%

Y_VWW — SPT5%
1748

—
4000 3500 3000 2300 | 2000 1500 1000  soo 4000 3500 3000 2500 2000 1500 1000 500

916
3000-3600

Transmittance
Transmittance

1
Wavenumber (cm™) Wavenumber (cm™)

(a) (b)
Figure 2. FTIR Spectra of SPT material (a) and SPT-5%, 10%, and 15% (b).

In zone 3 (1500-2500 cm 1), a stretch of carbonyl groups (C=0) was found, with a peak
at 1748 cm~! which signifies the presence of hemicellulose and carboxyl group derivatives
from xanthine like chlorogenate acid and caffein; it also indicates the interaction with PLA
molecules [36,37]. In zone 4 (less than 1500 cm~ 1), a peak was found at 922 cm ! which
signifies the vibrational stretch from C—O in C—O—H bonds from glycerol (Figure 2a,b).
As shown in Figure 2b, SPT bioplastics contain many hydroxyl groups. There are two
hydroxyl groups: a fixed-hydroxyl and a free-hydroxyl group. The free hydroxyl group
has a weak bond, which can lead to poor physical and mechanical properties [38].

Based on Figure 2a, the PLA-TPS composite had peaks at 1181 and 1080 cm~!. SPT-5%,
-10%, and -15% had the same peaks, but they were not as intense as the PLA-TPS composite.
The peaks at 1181 and 1080 cm ™! are referred to as the primary and secondary amino
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groups, respectively. Amino acids can form a peptide bond which can bond to the hydroxyl
bond, resulting in better physical and mechanical performance [34].

3.2. Thermal Analysis

TGA is an analytical technique that is used to describe the thermal degradation
mechanism [39]. The TGA and derivative weight results for the samples are shown in
Figure 3. As the temperature increased, the weight of the sample decreased (Figure 3a),
indicating decomposition owing to the application of heat. The weight loss of PLA-TPS
occurred significantly at 170 °C, as shown in Figure 3a, indicating a highly degraded
composite. The degradation of the SPT composite was gradual (Figure 3a). This indicates
that the SPT composite exhibited better thermal degradation than the PLA-TPS. The DTG
of the SPT composite was lower than that of the PLA-TPS composite, as shown in Figure 3b.
SPT-15% had the lowest DTG at 342 °C, while PLA-TPS had a decomposition temperature
of 366 °C (Figure 3b).

) (II) (1) ) L6
100 4
= —SPT-5%
% = ——SPT-10%
1 g 12 9

~ g —SPT-15%
&

2\' % § ——PLA-TPS
::;'D =
o 20
. v
§ 40 | =
Y
® 2
8 204 ——SPT-5% ®
>
s ———SPT-10% 5
0] ——sPT-15% A

——PLA-TPS
-20 T T T T
100 200 300 400 500 100 200 300 1400 500
Temperature (°C) Temperature (°C)

@ 0 ()
—SPT -5%

——SPT -10%
—SPT -15%
—— PLA-TPS

45000 o

Normalize Heat Flow Endo Up

T T T
50 100 150 200 250

Temperature (°C)

(©

Figure 3. TGA curve (a), DTG curve (b), and DSC curve (c) of SPT-5%, 10% and 15%. The I, II, III,
and IV in TGA curve is presenting the degradation phases.

Based on the research by Marcilla and Berenguer [40], the thermal results showed that
there were four degradation phases. At temperatures of 0-100 °C (first phase/I), water
decomposed into the material. The second phase (II) started at 120-240 °C, and glycerol
decomposed. A slight appearance of this peak is shown in Figure 3b. For SPT-5%, glycerol
decomposition occurred at 96 °C, SPT-10% at 100 °C, and SPT 15% at 106 °C (Figure 3b).
The next phase (III) was the decomposition of hemicellulose; there was a significant weight
loss in all samples (Figure 3a). As shown in Figure 3b, the curve decreased as the tempera-
ture was raised above 300 °C, indicating the complete decomposition of hemicelluloses.
SPT-15% had the highest hemicellulose decomposition temperature (342 °C), SPT-10%
hemicellulose decomposition temperature of 338 °C, and SPT-5% was 333 °C. In this third
phase, the polymer chains were broken, such as «-D-(1—4) from amylose and x-D-(1—6)
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from amylopectin glycosidic bonds. Temperatures above 300 °C can change amylose and
amylopectin molecules into smaller molecules [41]. The final phase (IV) was the fourth
phase, during which the sample became charcoal. This occurred when the temperature
exceeded 450 °C, and carbon decomposition in the SPT occurred. Pantani and Turng [42]
stated that crystallinity plays a crucial role for thermal properties. Table 2 shows that SPT-
15% had the highest crystallinity which affected the thermal properties. However, lower
residue was observed as the portion of SCG increased (as in SPT-15%). SCG is a material
with high hemicellulose content. As the most thermally labile constituent, hemicellulose
is easily degraded at high temperatures. Therefore, more weight loss was expected as the
portion of SCG increased.

Table 2. Degree of crystallinity calculated from XRD.

Sample Degree of Crystallinity (%)
PLA-TPS 6.44

SPT-5% 6.20

SPT-10% 6.87

SPT-15% 6.94

The DSC profiles of the SPT bioplastics are shown in Figure 3c. Yang et al. [43] found
that the second heat produced the same bioplastic double peak, it shows the melting point
of the sample. The following are some of the elements that contribute to the double peak:
(1) the melting, re-crystallization, and remelting processes that occur in response to heat;
(2) isomorphism or polymorphism, which typically occur in many crystal forms; (3) differ-
ences in lamellar thickness, organization, and shape; and (4) variable molecular weights
across various species. The glass transition temperature (Ty) is the temperature at which the
amorphous portion of the polymer structure becomes more mobile, causing side groups to
slide and rotate [42]. The T¢ values of PLA-TPS and SPT-5%, 10%, and 15% were between
58-60 °C. However, neat PLA has a Ty of 59.9 °C [44]. The T, showed no significant effect
as the SCG content increased. Figure 3c shows two peaks that represent the melting point.
The melt temperature (T},;) is the temperature at which the material undergoes a viscous
liquid transition from its crystal structure [42]. The T,, of SPT-5%, 10%, and 15% were
156 °C, which occurred in the second peaks (Figure 3c). The T, of the PLA-TPS was 152 °C.
Morales et al. [44] found that the melting point of neat PLA is 150 °C. This indicates that
SCG can slightly delay the melting of bioplastics.

3.3. WVTR and WVP

A comparison between the WVP and WVTR values of the developed SPT-5%, 10%,
and 15% bioplastic composites are shown in Figure 4. A higher SCG content resulted in
higher WVP and WVTR values. WVTR describes the amount of water transmitted through
the sample per unit area of material and time [45], and WVP is an essential attribute
for evaluating the moisture barrier performance of bioplastics. A bioplastic with a low
WYVP is desirable because it indicates that the bioplastic can limit moisture loss to the
atmosphere [46]. The results show that the 5% SPT bioplastic produced the lowest average
WVTR (1276 g m~2/d) and WVP (1.86256 x 10~ g/ms Pa) among the SPT composites,
indicating that the morphology of the material was less porous than that of the 10% and
15% SPT bioplastics. However, the best WVTR and WVP values were obtained using the
PLA-TPS composite. Jarvis et al. [47] stated that polymers for packaging application should
have a WVTR value 0.1-100 g m~2/d, and for organic electronics, the requirement is under
10 g m~2/d. The WVTR of SPT bioplastics is considered high for packaging and organic
electronic applications.

In a previous study, PLA, TPS, and 5% sucrose had a lower WVTR of approximately
628 g m~2/d, PLA-TPS was 352 g m~2/d, and neat PLA was 158 g m~2/d, than the
bioplastic with the addition of SCG [48]. Song et al. [45] stated that water transmits more
easily in the porous material. SCG dust aggregation causes the material to become porous,
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resulting in poor WVTR results [11,45]. Another study reported that the WVP of PLA was
0.000252938 x 10~7 g/ms Pa [48]. The PLA-TPS composite was 0.106059 x 10~7 g/ms Pa
(Figure 4b). Bertuzzi et al. [49] explained that reducing the intermolecular force by adding
plasticizers can improve the molecular force. As the SCG content increased, the plasticizer
content decreased, causing an increase in the intermolecular force and WVP. Duncan’s test
showed that the SPT-5% and 15% were significantly different from the WVTR value, while
the SPT-10% did not significantly differ from 5 or 15%. Meanwhile, Duncan’s test of WVP
showed significant differences for SPT-5%, 10%, and 15%.

1500 4

1000

500

WVTR (g/m® d)

PLA-TPS

2.5 4

WVP (x 107 g/ms Pa)
5 & DS

o
wn

SPT-5% SPT-10%  SPT-15% 0.0
PLA-TPS SPT-5% SPT-10% SPT-15%
SCG CONTENT
SCG CONTENT (%)
(a) (b)

Figure 4. WVTR (a) and WVP (b) results of PLA-TPS and SPT-5%, 10%, and 15%.

3.4. Mechanical Properties

The mechanical properties of bioplastic SPT-5%,10%, and 15% are shown in Figure 5.
The Young’s modulus, break strain, and tensile strength values revealed that the higher
the SCG content, the poorer the mechanical properties (Figure 5). Bioplastic SPT with
the highest SCG had the lowest Young’s modulus, break strain, and tensile strength. The
results of this study were in accordance with those reported by Yu et al. [11]. They found
that the addition of more than 5% SCG to PLA decreased Young’s modulus. The high
SCG content of the composite made dispersion difficult, causing aggregation and poor
homogeneity [50]. Based on the FESEM images shown in Figure 6 SPT-15% had gaps and
cracks on its surface. Kowser et al. [51] stated that the properties of bioplastics, especially
mechanical properties of bioplastics, are heavily influenced by surface morphology. In our
study, PLA-TPS had a higher Young’s modulus (1470 MPa) than that of the SPT bioplastic.
The statistical results showed that the addition of SCG at all concentrations significantly
affected the Young’s modulus.

The tensile strength is the maximum strength of the material until it breaks [52]. The
highest tensile strength of the SPT bioplastics was achieved using SPT-5% (4.9 MPa). Neat
PLA has a high tensile strength of 93 MPa, while neat poly I-lactic acid (PLLA) has a
tensile strength value of 3.6 MPa [44]. PLA-TPS composites have a tensile strength value
of 38.3 MPa (Figure 5b). This significant decrease in the tensile strength was due to the
addition of starch. A study [11] found that the tensile strength of PLA-SCG was 34 MPa.
This indicated that the addition of TPS decreased the tensile strength. As mentioned
previously, starch has many hydroxyl bonds, which decreases the tensile strength of the
material. The aggregation of SCG also weakens their tensile strength [11]. The results
showed that combining PLA with other materials had a significant impact on the tensile
strength. According to the statistical results, the variation in the SCG content differed
significantly from the tensile strength value.
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Figure 5. Mechanical properties of bioplastic SPT-5%, 10%, and 15%: Young’s modulus (a), break
strain (b), and tensile strength (c).

The break strain, usually known as elongation strength, is the maximum transposition
from a material before it breaks [52]. The elongation results (Figure 5c) of the SPT bioplastic
composite showed that the 5% SPT bioplastic yielded the best result (2.6%). This indicates
that the 5% SPT bioplastic composite contained more plasticizers than the 10 and 15%
SPT bioplastic composites. Plasticizers can improve the viscoelasticity and mobility of
molecules in polymer chains [52]. Meanwhile, neat PLA had an elongation strength of
2.8% [48], and PLA-TPS had an elongation strength of 4.45% (Figure 5c). As starch contains
many dispersible hydroxyl groups, the intermolecular forces between adjacent polymer
chains weaken as the flexibility increases [52-54]. Figure 5c shows that the break strain
value decreased as the SCG content increased. This indicates that there must be SCG
content that causes the adhesion of polymers to become poor. Ma et al. [55] explained that
adhesion of polymers could be enhances if the matrix was higher so that the interaction
between the polymers would improve. SCG is a dust particle which can lead to a larger
total surface area by adding more matrix, allowing the SCG to have a better bond with
another polymer [44]. Based on the statistical data, the addition of 5 and 15% SCG was
significantly different, while 10% SCG was not significantly different from 5 and 15% SCG.
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Figure 6. Morphology of SPT bioplastic 5% (a), 10% (b), and 15% (c) captured by cellphone, morphol-
ogy of SPT-5% (d), 10% (e), and 15% (f) with FESEM, 1000 x magnification, morphology of SPT-5% (g),
10% (h), and 15% (i) captured by Keyence with 20x magnification, and morphology of SPT-5% (j),
10% (k) and 15% (1) at 100 x magnification.

3.5. Morphology of SPT Bioplastic

The morphology of the SPT bioplastic composites was captured using a phone and
FESEM at 1000x magnification (Figure 6). Ballesteros et al. [56] found that the SCG
morphology is similar to that of a sheet with sawdust. A similar observation was made
for the SPT samples in this study. Figure 6a—c show that some of the SCG dust was not
degraded by heat. The color of the bioplastics became darker with the addition of SCG.
The SCG particle size ranged between 75 and 125 um. The thickness of the film varied
from 2.1 to 2.7 cm. Table 3 displays the densities of the bioplastic composites. Due to high
aggregation, the higher the SCG content, the lower the density of the bioplastic composite.
The SPT-5% bioplastic specimens exhibited no gaps or cracks. The 10% SPT bioplastic
had a gap and the 15% SPT bioplastic had cracks because the adhesion between the
polymers was poor; subsequently, the physical and mechanical properties of the developed
SPT bioplastic composites were also unsatisfactory [57]. In other studies, [11,45,58,59] it
was also found that the interaction force between the particle filler and matrix caused
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aggregation. Aggregation can also occur because of the strong surface interactions between
hydrogen bonds and matrix polysaccharide chains. As shown in Figure 6d—f, the higher
the SCG content, the more aggregation occurred in the bioplastics. Yu et al. [11] stated that
mechanical and physical properties will improve if SCG is well dispersed in bioplastic.
The morphology of bioplastics, such as thickness or drying temperature, is affected by the
bioplastic-making process [60].

Table 3. Density of PLA-TPS, SPT-5%, -10%, and-15%.

Sample Density
PLA-TPS 0.11569523
SPT-5% 0.111961668
SPT-10% 0.09486027
SPT-15% 0.077971829

3.6. X-ray Diffraction (XRD)

XRD was used to observe the crystalline structure of the bioplastic composites. The
XRD patterns of all samples are shown in Figure 7, indicating that they are wide and broad.
As shown in Figure 6, all samples had an amorphous structure [11]. The crystallinity indices
are listed in Table 2. SPT-15% had the highest degree of crystallinity among all the samples
tested. This demonstrated that the crystallinity of the material increased slightly after the
addition of SCG. PLA has four crystal modifications: «-, «’, 3-, and y-forms [61]. The PLA
peak at 20 = 16.2° indicates an «’-crystalline phase with a lower packing density owing to
incomplete crystallization [11,61]. Figure 6 shows that the peak of all the SPT bioplastic
samples moved from 26 = 16.2° to 20 = 17.2°, due the aggregation of SCG particles.

2000

Intensity

Figure 7. XRD results of PLA-TPS and SPT-5%, 10%, and 15%.

3.7. Biodegradability

The growth of A. niger is an indicator of the biodegradability of the material. A. niger
can easily grow on organic materials such as litter media and decomposing plants [62].
The results of A. niger growth are shown in Table 4. The results revealed that increased
SCG content resulted in decreased biodegradability. This is because the higher the SCG
content, the lower the starch content. Starch is an organic material that is easily degraded
by A. niger [63]. PLA is primarily destroyed by water molecules and hydrolytic breakdown.
Water molecules cause the molecular weight to decrease because the ester bond of the PLA
chain breaks. As a result, PLA takes longer to be degraded by A. niger. Table 3 shows
that the PLA-TPS bioplastic composite was decomposed by A. niger at approximately
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68.85% in 14 days. In this study, after 14-day of exposure to A. niger, SPT-5%, -10%, and
-15% decomposed at approximately 57.56%, 69.53%, and 72.3%, respectively, indicating
comparable or even better biodegradability than the PLA-TPS bioplastic composite.

Table 4. Day 0 and day 14 of biodegradability tests on SPT-5%, 10%, and 15% by A. Niger.

Sample 0 Day 14 Day

PLA

0%

PLA-TPS

SPT-5%

SPT-10%

SPT-15%

4. Conclusions

The addition of SCG as an organic and sustainable raw material in the development
of PLA-TPS-based bioplastic composites affected their physical and mechanical properties,
that is, WVTR, WVP, thermal properties, Young’s modulus, break strain, tensile strength,
XRD, morphology, and biodegradability. Higher SCG concentrations resulted in inferior
performance of bioplastics. In addition to the thermal properties, the addition of SCGs
increased the decomposition temperature. This is important for the applications of bioplas-
tics. The poorer performance of the bioplastics fabricated with the addition of SCG was
due to poor crystallinity owing to high aggregation. Based on the results obtained, it can
be concluded that the addition of SCG is not recommended for improving the physical
and mechanical properties of bioplastics. However, it can be used to improve the decom-
position temperature and crystallinity. Owing to its large content of organic compounds
(polyphenols, polysaccharides, minerals, fatty acids, and amino acids), SCG represents a
promising and low-cost functional material that can be exploited in the development of
various value-added products. Future studies in the field should focus on the compatibility
between PLA and SCG to improve the homogeneity of bioplastics.
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