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Abstract: Polylactic-acid-starch-based polymer composite (PLA/TPS) has good thermal stability for
biocomposites. However, the physical and mechanical properties of PLA/TPS do not meet the stand-
ards. It needed additives to enhance its physical and mechanical properties. The aim was to improve
the physical and mechanical properties of PLA/thermoplastic starch using sucrose. In addition, this
study evaluated the enhancement of thermal properties of PLA/thermoplastic starch using sucrose.
This study used sucrose as an additive to enhance the PLA/TPS composite. The addition of sucrose
inhibits the degradation of biocomposites. This means that thermal stability increases. The thermal
stability increased because the degree of crystallinity increased with the addition of sucrose, which
was also proven in the XRD result. The addition of sucrose caused the morphology of the biocom-
posite to have pores. The FESEM results showed that biocomposites with the addition of sucrose
had pores and gaps. These gaps result from low adhesion between polymers, causing a decrease in
the mechanical and physical properties of the sample. Based on the FTIR spectra, biocomposite
PLA/TPS blends with the addition of sucrose still have many hydroxyl groups that will lead to at-
tracting other molecules or ions, such as oxygen or water. This phenomenon affects the physical and
mechanical properties of materials. The physical and mechanical properties increased with sucrose
addition. The best composite was prepared using 3% sucrose. This is because sucrose has a crystal-
line structure that affects the properties of biocomposites. However, the addition of 3% sucrose was
not as effective as that of neat PLA.

Keywords: polylactic acid; sucrose; thermoplastic starch; biocomposite; glycerol

1. Introduction

Plastics are known to cause huge environmental problems, such as difficulty in deg-
radation and environmental toxicity. Many researchers have developed biopolymer ma-
terials to replace conventional plastics [1-3]. Because of its good physical and mechanical
properties, polylactic acid (PLA) is one of the most widely used biopolymers [4,5]. PLA is
affordable compared to other biopolymers, such as polyhydroxyalkanoates (PHAs), poly
hydroxybutyrate-valerate (PHBV), and poly (butylene succinate) (PBS) [1]. However,
compared with conventional plastics, PLA still has high cost, high brittleness, and low
heat resistance [1,6]. A material’s brittleness and thermal properties are related to its de-
gree of crystallinity. Enhancing the crystallinity of a material can improve its properties
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[7]. Blending PLA with thermoplastic starch (TPS) has been reported to reduce the cost of
PLA [8]. The blends of PLA/TPS (13.1%) have a higher degree of crystallinity than neat
PLA/starch (5.8%). Starch and glycerol act as a nucleating agent in PLA, which increases
its crystallization [9].

Thermoplastic starch (TPS) is a homogeneous starch blended with plasticizers [6].
Starch is affordable, easily degraded by microorganisms, readily available, and easy to
process [8-10]. Cassava is a source of starch that can be transformed into tapioca flour.
The amylose content in the tapioca flour (12.28-27.38%) can affect the mechanical proper-
ties. Glycerol has been used as a plasticizer [10]. Glycerol is a small molecule that can
easily diffuse into starch polymers to disrupt hydrogen-bond interactions [11]. Adding
glycerol as a plasticizer is desirable for improving the mechanical properties, especially
Young’s modulus [10]. However, even with the addition of a plasticizer, the mechanical
properties, particularly the tensile strength of PLA/TPS blends, are considered poor owing
to the low interfacial adhesion between PLA/TPS [11]. Pantani and Turng [7] stated that
additives can affect the characteristics of materials. An additive is a small quantity of ma-
terial such as sucrose added to the composite and affects the characterization of compo-
sites. Sucrose is a nontoxic and renewable resource commonly found in various plants.
Sucrose is a renewable, low-molecular-weight carbohydrate feedstock that can be an ad-
ditive [12]. Alonso-Gonzalez et al. [13] found that sucrose can act as a filler and make the
polymer bonds stronger. Massijaya et al. [14] found that adding 5% sucrose increased the
WVTR value because sucrose lowered the homogeneity of the biocomposite. However,
adding 5% sucrose increased the mechanical value of PLA/TPS.

Furthermore, biodegradation is also important for materials. Biodegradation is a
chemical transformation by the presence of microorganisms in the environment, which
relies on factors such as temperature, light, oxygen, humidity, and the molecular and
chemical structure of the material. Massijaya et al. [14] found that 5% sucrose can delay
biodegradation of PLA/TPS. In the present study, we attempted to make biocomposites
with a lower sucrose content to make them more homogenous and biodegradable and
improve their performance. Therefore, the aim was to study and improve the physical and
mechanical properties of PLA/thermoplastic starch using sucrose. In addition, this study
evaluated the enhancement of thermal properties of PLA/thermoplastic starch using su-
crose.

2. Materials and Methods
2.1. Materials

Polylactic acid (PLA) in granule form was supplied from Prusa Polymers (Prague,
Czech Republic). The melting point based on the specification of the PLA is 150-180 °C.
Tapioca starch was supplied by PT. Umas Jaya Agrotama (Lampung, Indonesia). The plas-
ticizer used in this study was glycerol, and the additive used was sucrose. Extra purity
grade sucrose was purchased from MERCK (Jakarta, Indonesia). Glycerol was purchased
from P&G Chemicals (Kuantan, Malaysia).

2.2. Biocomposite Preparation

There are two stages of blending to reach homogenous biocomposites. First, the ther-
moplastic starch and sucrose are blended. Second, TPS and PLA are blended.

2.2.1. Starch-Glycerol-Sucrose Blend

The materials used were sucrose, glycerol, and starch. The composition of materials
is shown in Table 1. The sample (50 g) was blended for 10 min at 135 °C and a rotor speed
of 80 rpm. The samples were blended using a twin-screw Haake Rheomix (Vreden, Ger-
many). After the blending, 10 g of the sample was hot-pressed at 135 °C with a pressure
of 10 MPa for 5 min. After the hot-pressing process, the sample became thermoplastic
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starch-sucrose (TPS-S). The TPS-S was then divided into small pieces and prepared for
the next step.

Table 1. Composition of the prepared biocomposites.

Stage Sample Starch (%) Glycerol (%) Sucrose (%)
TPS-S-0 65 35 0
. . TPS-5-1 64.5 34.5 1
First Blending TPS-S-2 64 34 ’
TPS-S-3 63.5 33.5 3

Stage Sample PLA (%) TPS-S (%)

PLA-TPS-S-0 60 40
. PLA-TPS-5-1 60 40
Second Blending PLA-TPS-S-2 60 40
PLA-TPS-S-3 60 40

2.2.2. PLA-TPS Blend

The ratio of PLA to TPS was 60/40. The materials were blended using a twin-screw
Haake Rheomix. The samples were blended for 10 min at 160 °C with a rotor speed of 80
rpm. After blending, 10 g of the sample was hot-pressed for 5 min at 160 °C with a pressure
of 10 MPa.

2.3. Thermal Properties’ Analysis

The thermal properties of the PLA-TPS-S biocomposite were investigated using dif-
ferential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). TGA was
performed using a TGA 4000 (Perkin Elmer Inc., Waltham, MA, USA) from 25 °C to 500
°C, at a heating rate of 10 °C/min. DSC analysis was performed using a DSC 4000 equipped
with an intercooler (Perkin Elmer Inc., USA) from -20 °C to 250 °C at a heating rate of 10
°C/min.

2.4. Water Vapor Transmission Rate (WVITR)

WVTR quantifies the quantity of water vapor capable of permeating through a given
material per unit area and time [14]. The WVTR measurement was performed by observ-
ing the weight of the sample eight times, referring to the TAPPI T464 om-12 standard [15].
The WVTR sample size was 3 x 3 cm. The sample was placed in a POL-EKO Apatura-type
KK500 TOP+ INOX/G climatic chamber (POL-EKO, Wodzistaw Slaski, Poland). The rela-
tive humidity (RH) was 90% at 25 °C. WVTR and water vapor permeability (WVP) were
calculated using the following formula:

o (577 ) S 0

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

WVTR X L

g =~

WVP( /m.s.Pa) - AP

where L is the mean film thickness (m), and AP is the partial water vapor pressure differ-

ence between the two sides of the film (Pa).

2.5. Mechanical Strength

The mechanical strength of the PLA-TPS-S biocomposite was tested using a UCT-5
Universal Testing Machine (Orientec Co., Ltd., Fukaya, Japan). The tests were based on
ASTM D882-12, 2012 [16]. The sample was shaped like a dog bone. Before testing, the
samples were measured using a micrometer screw.



Polymers 2024, 16, 1028

4 of 15

2.6. FTIR Analysis

Fourier-transform infrared (FTIR) spectroscopy was performed using an FTIR 4000
spectrometer (Perkin Elmer Inc., USA) with transmission mode. The spectra used were in
the 4000-300 cm™ frequency range.

2.7. Crystallinity

The crystallinity was measured using X-ray diffraction (XRD) (Shimadzu 7000,
Kyoto, Japan). 8 = 40-60° with Cu radiation, a scan speed of 3°/min, and a voltage of 30
kV. The crystallinity was examined by dividing the total area of the crystalline peaks by
the total area of the crystalline and amorphous peaks.

2.8. Morphology Analysis

The morphology of the samples was captured using a scanning electron microscope
(SEM) with a Thermo Scientific—Quattro (Waltham, MA, USA). The sample was cut trans-
versely to approximately 0.05 cm and then coated with a thin layer of gold using sputter-
ing. The samples were analyzed at 100x and 500x magnifications with an acceleration volt-
age of 10.00 kV and a high-vacuum detector.

2.9. Biodegradability Analysis

The study evaluated the biodegradability using ASTM G21 standards [17], employ-
ing salt agar as the growth medium and Aspergillus niger as the decomposing agent, as
mentioned in past research by Nissa et al. [10]. Biocomposite was cut into 1.5 x 1.5 cm
dimensions, and each experimental variation was replicated thrice. The observation pe-
riod for the test was extended to more than 30 days. Before the test, all equipment was
sterilized in an autoclave for 15 min. The initial culture was prepared by mixing A. niger
with 10 mL sterile aquades, and 1 mL of this mixture was added to 9 mL sterile aquades
to create a 10! culture. Subsequently, 1 mL of the 10! culture was added to 9 mL of sterile
aquades to generate a 102 culture. From this 102 culture, 100 uL was transferred to a ster-
ile Petri dish. Each Petri dish was supplemented with 20 mL salt agar and allowed to so-
lidify. The biocomposite samples were placed on the agar surface. An even spread of 100
uL of 102 culture was applied to the samples. The growth of A. niger was quantified using
Image] 2015 image processing software, presented by percent (%).

3. Results
3.1. Thermal Properties

Figure 1 shows the TGA and derivative weight results for the sample. Figure 1a
shows that the weight of the sample decreased as the temperature increased. This indi-
cates that the sample was decomposed by heat. Table 2 presents Tonset, Tmax, and weight
loss (WL) of biocomposite. Tonset represents the temperature at which the weight loss be-
gins, and Tmax represents the temperature at which the weight loss ends. This study found
that PLA-TPS-5-0 and PLA-TPS-5S-1 have three peaks on the DTG curve, while PLA-TPS-
S-2 and PLA-TPS-S-3 have four. All peaks represent the degradation of molecules.

Table 2. Value of thermal stability parameters based on TGA and DTG of PLA-TPS-5-0,1,2,3.

Tonset Tmax WL

Peak Sample C) °C) %)
PLA-TPS-S-0 58.06 77.02 44

PLA-TPS-S-1 82.24 97.76 4.1

1 PLA-TPS-S-2 57.12 78.81 44
PLA-TPS-S-3 54.68 77.06 4.2
5 PLA-TPS-S-0 308.65 319.62 39.8

PLA-TPS-5-1 174.06 203.83 10.4
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PLA-TPS-5-2 157.04 210.47 12
PLA-TPS-5-3 158.78 194.79 13
PLA-TPS-5-0 333.97 342.86 40.8
PLA-TPS-5-1 317.34 340.14 78.1
3 PLA-TPS-5-2 311.74 339.76 21.7
PLA-TPS-5-3 309.08 322.30 20.4
PLA-TPS-5-0 - - -
4 PLA-TPS-5-1 - - -
PLA-TPS-5-2 366.42 371.76 49.6
PLA-TPS-5-3 347.39 367.86 54.7
-2.0
100 —— PLA-TPS-S-0
1 ——PLA-TPS-S-1
——PLA-TPS-S-2

80

1 ——PLA-TPS-S-3

60 —

TG (%)

40 -

DTG (%)

20 ——PLA-TPS-S-0

] ——PLA-TPS-S-1
——PLA-TPS-S-2
04 ——PLA-TPS-S-3
T T T T T T T T v T T T T T T T T
100 200 300 400 500 100 200 300 400 500
Temperature (°C) Temperature (°C)
(a) (b)

Figure 1. TGA curves (a) and DTG curves (b) of biocomposite with the sucrose addition of 0%, 1%,
2%, and 3%.

The first peaks begin at a temperature of 54-82 °C and end at 77-97 °C (Table 2). At
the first peak, the water molecule from glycerol evaporated [18], and 4.1-4.4% weight loss
occurs. The second stages begin at 158-308 °C and end at 194-319 °C, when glycerol from
TPS degrades [18]. Based on the study in [18], glycerol was expected to be degraded at 249
°C. Table 2 shows that glycerol degradation shifted to a lower temperature with the addi-
tion of sucrose. Kusumabh et al. [19] reported that sucrose decomposition occurred at ap-
proximately 225 °C. Therefore, the addition of sucrose changes the temperature of decom-
position of glycerol. The third peak begins at 311-333 °C, and the maximal temperature is
322-342 °C, at which starch degraded. Above 300 °C, the polymer chains, such as a-D-
(1—4) from amylose and a-D-(1—6) from amylopectin glycosidic bonds [18], break, mak-
ing the weight loss high (20-78%). PLA-TPS-S-2 and PLA-TPS-5-3 have a fourth peak that
begins at 347-366 °C and ends at 367-371 °C. Figure 1 shows that the addition of sucrose
inhibits the degradation of biocomposites. It was shown that at 309-311 °C, PLA-TPS-S-2
and PLA-TPS-5-3 degrade but then settle and have another degradation. This means ther-
mal stability increases by adding more than 2% sucrose. The thermal stability increased
because the degree of crystallinity increased with the addition of sucrose, which was also
proven in the following XRD result. Pantani and Turng [7] explained that the additives
could affect the flexibility, ductility, and processability of the polymer by decreasing deg-
radation temperature of the polymer through reducing the intermolecular forces along
polymer chains.
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DSC results are shown in Table 3 and Figure 2. Yang et al. [20] found the same double
peak in biocomposite in the second heating. However, the present study observed it dur-
ing the first heating. Several factors cause the double peak to occur: (1) the process of
melting, recrystallization, and remelting when exposed to heat; (2) isodimorphism or pol-
ymorphism, which usually occurs in several crystal structures; (3) variations in lamellar
thickness, arrangement, and shape; and (4) distinct molecular weights among different
species [20]. Table 3 shows thermal parameters, including glass transition temperature
(T), melting temperature (Tw), cold crystallization temperature (Tc), crystallization tem-
perature (T¢), melting enthalpy (AHwn), and crystallization enthalpy (AH.).

Table 3. The value of thermal parameters and crystallinity of PLA-TPS-S based on DSC analysis.

Sample T, T Tec AHo AH. Xc
(°CQ) (°C) (°Q) (J/g) (J/g) (%)
PLA-TPS-S-0 51.91 148.63 58.46 38.5 ~11.75 27.86
PLA-TPS-S-1 49.62 148.13 57.29 40.6 ~11.70 30.10
PLA-TPS-S-2 50.93 147.63 59.30 45.2 ~12.00 34.58
PLA-TPS-S-3 55.22 150.31 59.28 39.01 ~11.14 29.03

The addition of sucrose can slightly increase the Tg, Tw, Te, as presented in Table 3.
When the temperature rises, the polymer becomes amorphous and can mobilize, de-
scribed as Ty, and as the temperature increases, the molecular motion is enhanced [21].
The highest Ty is shown by PLA-TPS-S-3 (55.22 °C), and the lowest is that of PLA-TPS-S-1
(49.62 °C). The following XRD also shows that PLA-TPS-S-1 has the smallest crystalline
area, which leads to lower thermal properties [22]. Figure 2 shows that the peak of T of
PLA-TPS-5-1 widens, but as the sucrose content increases, the peak narrows. The study
found that in the heating process of DSC, PLA undergoes self-nucleating before melting
occurs, known as cold crystallization (T«) [23]. Te is the temperature transition from amor-
phous to crystalline form [21]. PLA-TPS-5-3 has the highest T (59.28 °C), as presented in
Table 3. The highest AH» and AH. values are shown by PLA-TPS-5-2 (45.2 and -12). Kusu-
maningrum et al. [23] found that the AHw» and AHc for neat PLA are 34.79 w/g and -15.33
w/g. It shows that adding sucrose affects the melting and crystallization of enthalpy (Table
3).

The crystallinity of a polymer is influenced by temperature, and when comparing its
impact on material properties, it is crucial to conduct these studies at the same tempera-
ture. Typically, this is carried out at ambient temperature rather than at the melting point.
As determined by DSC and XRD, the degree of crystallinity exhibited distinct results but
displayed a similar trend. The values of crystallinity determined using XRD consistently
exceeded those determined from DSC, as shown in Tables 3 and 4. This occurrence oc-
curred due to variations in the scanned regions of the identical sample. The XRD diffrac-
tograms solely examined the sample’s surface, whereas the DSC assessed the overall crys-
tallinity of the sample. Hence, the injection molding process significantly impacted the
crystallinity values seen in the XRD scan. The phenomenon caused changes in the struc-
ture and composition of the surface and shear zones, resulting in increased crystallinity
due to the alignment of particles [24,25].
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Figure 2. The DSC thermogram of heating (a) and cooling (b) of PLA-TPS-5-0,1,2,3.

3.2. WVTR Characteristics

Figure 3 shows the results for the WVTR and WVP values. The WVTR measurement
is used to quantify the quantity of water vapor that can pass through a material over a
specific area and time [26]. Figure 3 shows that PLA-TPS-S-2 had a WVTR result approach-
ing that of PLA, while PLA-TPS-5-3 had the highest WVTR result. It is known that mate-
rials with a porous structure morphology will facilitate water vapor transmission [26]. The
morphology results show that the PLA-TPS-5-3 morphology is less homogeneous. The
addition of sucrose caused the morphology of the biocomposite to have pores, which led
to a decrease in the WVTR. Cazon et al. [27] explained that water can pass through a sam-
ple via diffusion. The permeability resulting from the interplay between solubility and
diffusion is called the actual permeability. The transfer of water molecules through a sam-
ple involves a sequence of steps. The water molecule is initially transported towards the
film interface and absorbed on the surface adjacent to the area with a higher water vapor
concentration. Subsequently, the molecule dissolves, allowing diffusion to align with the
driving force until complete dissolution occurs within the sample structure. Ultimately,
the molecule is desorbed in the opposing side of the film and transported away from its
surface [28-30]. In addition, the highest WVTR value is shown by PLA-TPS-S-3 due to
sucrose’s water solubility. Sucrose is moderately soluble in water. At room temperature,
approximately 276 g of sucrose can dissolve in 100 g of water [31]. Therefore, the presence
of sucrose facilitates the transmission of water vapor.
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Figure 3. The WVTR (a) and WVP (b) value of PLA and PLA-TPS-5-0,1,2,3.

The WVP measures the quantity of water penetrating the matrix per unit area, time,
and pressure. Similar to the WVTR result, the WVP result also had the best performance
for PLA, while PLA-TPS-S-2 approached the PLA’s WVP result. Studies have shown that
adding hydrophilic low-molecular-weight plasticizers reduces polymer interaction, lead-
ing to higher molecular mobility and allowing water migration [32]. This makes the poly-
mer interactions dense and a large free volume, leading to higher water diffusion through
the sample [33]. In this case, PLA-TPS-5-3 has more plasticizer content, which leads to a
higher WVP.

3.3. Mechanical Characteristics

A comparison of the Young’s modulus and tensile strength values between each sam-
ple is presented in Figure 4. The Young’s modulus quantifies the strength of interatomic
bonds and is influenced only by the slight microstructural configuration of the materials
[34]. Neat PLA (2983 MPa) exhibited the best Young’s modulus value among the samples.
Figure 4 shows that the average of PLA-TPS-5-2 (405.09 MPa) is slightly higher than that
of PLA-TPS-5-1 (384.86 MPa). It was also shown that Young’s modulus increased with the
addition of sucrose and in PLA-TPS-S-3, which approached neat PLA’s mechanical
strength value. Based on this study, glycerol can reduce the interaction between chains in
the material, which increases the mobility of the polymer chain and the viscoelastic re-
sponse, leading to higher flexibility [32,35]. Another study by Agwamba [9] found that
Young’s modulus can perform better as the number of hydroxyl groups increases. Based
on the FTIR result, sucrose has many hydroxyl groups that affect the performance of the
Young’s modulus.

The tensile strength is the maximum strength of the film until it breaks [35]. The ten-
sile strength of neat PLA is 93.14 MPa. In comparison, that of PLA-TPS-S-0 is 13.54 MPa
and that of PLA-TPS-5-3 is 38.27 MPa (Figure 3). This large decrease in tensile strength is
because starch, glycerol, and sucrose have a large number of hydroxyl groups that cause
dispersion. The interaction between the polymer chains becomes weak [35-37]. As men-
tioned previously, the FTIR result of the biocomposites shows many hydroxyl groups.
Another study by Fadini et al. [32], which blended sucrose and collagen, showed a differ-
ent result as the addition of sucrose increased and the tensile strength decreased. Figure 4
shows that the tensile strength increased as the sucrose content increased. This indicates
that other materials that blend with sucrose affect the effect of sucrose on tensile strength.
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Figure 4. Tensile strength (a) and Young’s modulus (b) of PLA and PLA-TPS-5-0,1,2,3.

3.4. FTIR Spectra

FTIR is an instrument used to identify molecular structures with spectra that can spe-
cifically describe chemical bonds to estimate the type of interaction that occurs after blend-
ing materials [38,39]. Figure 5 shows the FTIR spectra of the biocomposite samples with
the addition of sucrose. Yang et al. [20] found that neat PLA has a stretching vibration of
C=0 bonds (1745 cm™1). Orskov et al. [40] found starch peaked at 450-707, 1082, 1380, and
3600, which indicates starch has a skeletal mode of pyranose ring, C-O-H bending, C-H
and C-O-H deformation, and carbohydrate OH stretching. Starch has many hydroxyl
groups, which can lead to poor mechanical properties because of the weak molecular force
between the polymer chains [35,36,41]. Figure 5 shows that the spectra of biocomposites
have a wide peak at 450-707 cm™ and peaks at 1082 and 1380 cm™. Figure 5b shows that
sucrose formed a new stretch vibration, with a wider peak at 3000-3600 cm™". Based on
the FTIR spectra, biocomposite PLA/TPS blends with the addition of sucrose still have
many hydroxyl groups that will lead to attracting other molecules or ions, such as oxygen
or water [42]. This phenomenon affects the physical and mechanical properties of materi-
als.
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Figure 5. FTIR Spectra of starch, sucrose, PLA, and glycerol (a) and PLA-TPS-5-0,1,2,3 (b).
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3.5. XRD

XRD can determine the phase structure, purity, and crystallinity of a material’s phase
structure, purity, and crystallinity [43]. The XRD patterns of sucrose are presented in Fig-
ure 6a, and the biocomposites are presented in Figure 6b. The XRD pattern (Figure 6a)
shows a broad and wide peak representing the amorphous structures of biocomposites.
No peak shifts are observed. All samples showed a peak at approximately 17.04°. PLA
peak 20 is 16.2° while thermoplastic starch 20 is 20°. This indicates that the peak is shifting
because of the blending. According to another study [44], PLA blended with PEG peaks
at approximately 16.8°, representing an amorphous microstructure. Sucrose has a crystal-
line structure (Figure 6b). The presence of sucrose shows a good impact by making the
crystalline area wider for PLA-TPS-S-2 and PLA-TPS-S-3 (Figure 6b). As indicated by the
thermal properties (Figure 1), PLA-TPS-5-2 and PLA-TPS-5-3 exhibited higher decompo-
sition temperature than PLA-TPS-5-0. However, Table 4, presenting the data on crystal-
linity degree, shows otherwise. PLA-TPS-5-0 has a bigger degree of crystallinity.

2000

10,000 A 1800 —— PLA-TPS-S-0
— PLA-TPS-S-1
16007 ] —— PLA-TPS-S-2

000 1400 ) —— PLA-TPS-S-3

1200

6000
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(a) (b)

Figure 6. XRD pattern of sucrose (a) and PLA-TPS-5-0,1,2,3 (b).

Table 4. Degree of crystallinity of PLA-TPS-S-0,1,2,3 obtained by XRD.

Sample Degree of Crystallinity (%)
Sucrose 52.73
PLA 53.07
PLA-TPS-S-0 40.99
PLA-TPS-S-1 44.93
PLA-TPS-S-2 47.81
PLA-TPS-S-3 46.96

3.6. Morphology

The morphology of biocomposites was captured using digital microscope from
Keyence (Osaka, Japan) and FESEM, as shown in Figure 7. Differences in morphology
were observed for each sample. Figure 7b—d show sucrose particles that cannot be de-
graded by heat and become aggregates. Occasionally, aggregation occurs because of the
interaction force between the filler and the matrix [45-47]. The FESEM results showed that
biocomposites with the addition of sucrose had pores and gaps. These gaps result from



Polymers 2024, 16, 1028 11 of 15

adhesion between polymers, causing a decrease in the mechanical and physical properties
of the sample [48].

(b) (c) (d)

() (8) (h)

() () (k) @
Note: % is the unit of degradation on days 5 and 30.

Figure 7. Morphology of PLA-TPS-5-0,1,2,3 taken by digital microscope with magnification 20x (a—
d) and magnification 100x (e-h). Morphology of PLA-TPS-S-0,1,2,3 taken with FESEM (i-1).

3.7. Biodegradability

Biodegradation is a chemical transformation by the presence of microorganisms in
the environment, which relies on factors such as temperature, light, oxygen, humidity,
and the molecular and chemical structure of the material [10]. The growth of A. niger on
the sample indicated that A. niger used the sample as the sole source of carbon [12], indi-
cating the biodegradability of the sample. Ferrarezi et al. [8] stated that if PLA is exposed
to the environment, it can break down into carbon dioxide, methane, and water over a few
months to two years. Time, temperature, low-molecular-weight contaminants, and cata-
lyst concentration all affect how quickly it degrades. It is easy for A. niger to be cultivated
on organic materials such as litter media and decomposing plants. Massijaya et al. found
biocomposites without the addition of sucrose makes A.niger grown easier (approxi-
mately 69.47%). This indicated that A. niger is easier to culture in the presence of sucrose.
Another study using sucrose blended with LDPE reported different results. The addition
of sucrose accelerated A. niger growth. This indicates that PLA degrades more easily than
LDPE does.

The large colonies of A. niger indicate that the more easily a sample is consumed by
A. niger, the more easily the sample is degraded. Table 5 shows the growth of A. niger in
biocomposite samples. PLA-TPS-S-2 showed the highest growth of A. niger (38%) because
the moisture content of PLA-TPS-S-2 was the lowest (8.7%) (Table 6). The other samples
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had a high moisture content. Particle aggregation, matrix porosity, air-filled porosity, and
matrix gas permeability are all affected by high moisture content, which could affect the
delivery of vital oxygen into the composting zone where carcass decomposition occurs
[49].

Table 5. Day 5 and Day 30 of biodegradability by A. niger test.

Day PLA-TPS-S-1 PLA-TPS-S-2 PLA-TPS-S-3

59.9% 72%
Note: % is the degradation unit at Day 5 and Day 30.

Table 6. Moisture content of PLA-TPS-5-1,2,3.

Sample Moisture Content (%) Standard Deviation
PLA-TPS-5-1 104 1.52
PLA-TPS-S-2 8.7 1.12
PLA-TPS-S-3 11.2 0.28

4. Conclusions

The addition of sucrose inhibits the degradation of biocomposites. The thermal sta-
bility increased because the degree of crystallinity increased with the addition of sucrose,
which was also proven in the XRD result. The addition of sucrose caused the morphology
of the biocomposite to have pores. The FESEM results showed that biocomposites with
the addition of sucrose had pores and gaps. These gaps result from low adhesion between
polymers, causing a decrease in the mechanical and physical properties of the sample.
Based on the FTIR spectra, biocomposite PLA/TPS blends with the addition of sucrose still
have many hydroxyl groups that will lead to attracting other molecules or ions, such as
oxygen or water. This phenomenon affects the physical and mechanical properties of ma-
terials. The physical and mechanical properties increased with sucrose addition. The best
composite was prepared using 3% sucrose. This is because sucrose has a crystalline struc-
ture that affects the properties of biocomposites. However, the addition of 3% sucrose was
not as effective as that of neat PLA.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/polym16081028/s1, Excel file: Raw data.

Author Contributions: Conceptualization, S.5.K., LK., and M.A.R.L.; methodology, S.Y.M., RM.,,
R.S.N., M.A.R.L,, and S.S.K,; software, W.B.K., R.C.N., and Y.N.; validation, Y.N., LH., and ].S.; for-
mal analysis, M.A.R.L. and R.S.N,; investigation, S.Y.M., R.C.N,, Y.N., and L.K ; resources, M.A.R.L,,



Polymers 2024, 16, 1028 13 of 15

S.S.K, and L.K,; data curation, S.5.K. and L.K.; writing—original draft preparation, S.Y M., M.AR.L,,
J.S, R.H., and S.S.K,; writing—review and editing, M.A.R.L., LH., and R.H.; visualization, S.Y.M.,
M.AR.L., and L.K; supervision, M.A.R.L.; project administration, M.A.R.L. and L.H.; funding ac-
quisition, S.Y.M., M.A.R.L,, S.SK,, and R.H. All authors have read and agreed to the published ver-
sion of the manuscript.

Funding: This research received funding from the Universitas Sumatera Utara.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are included in the article or have
been made available through the Supplementary Materials.

Acknowledgments: The authors would like to thank the integrated laboratory of bioproducts (iLaB),
Research Centre for Biomass and Bioproduct-BRIN, and PT. Evogaia Karya Indonesia (Evoware).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Zubir, N.-H.M.; Sam, S.T.; Zulkepli, N.N.; Omar, M.F. The Effect of Rice Straw Particulate Loading and Polyethylene Glycol as
Plasticizer on the Properties of Polylactic Acid/Polyhydroxybutyrate-Valerate Blends. Polym. Bull. 2018, 75, 61-76.
https://doi.org/10.1007/s00289-017-2018-y.

DeStefano, V.; Khan, S.; Tabada, A. Applications of PLA in Modern Medicine. Eng. Regen. 2020, 1, 76-87.
https://doi.org/10.1016/j.engreg.2020.08.002.

Wang, N.; Yu, J.; Chang, P.R.; Ma, X. Influence of Citric Acid on the Properties of Glycerol-Plasticized Dry Starch (DTPS) and
DTPS/Poly(Lactic Acid) Blends. Starch— Stiirke 2007, 59, 409—417. https://doi.org/10.1002/star.200700617.

Zhang, X.; Tan, B.H.; Li, Z. Biodegradable Polyester Shape Memory Polymers: Recent Advances in Design, Material Properties
and Applications. Mater. Sci. Eng. C 2018, 92, 1061-1074.

Singhvi, M.S; Zinjarde, S.S.; Gokhale, D.V. Polylactic Acid: Synthesis and Biomedical Applications. J. Appl. Microbiol. 2019, 127,
1612-1626.

Martinez Villadiego, K.; Arias Tapia, M.].; Useche, J.; Escobar Macias, D. Thermoplastic Starch (TPS)/Polylactic Acid (PLA)
Blending Methodologies: A Review. J. Polym. Env. 2022, 30, 75-91.

Pantani, R.; Turng, L.S. Manufacturing of Advanced Biodegradable Polymeric Components. J. Appl. Polym. Sci. 2015, 132, 42305.
Ferrarezi, M.M.F.; de Oliveira Taipina, M.; da Silva, L.C.E.; Gongalves, M. do C. Poly(Ethylene Glycol) as a Compatibilizer for
Poly(Lactic Acid)/Thermoplastic Starch Blends. J. Polym. Env. 2013, 21, 151-159. https://doi.org/10.1007/s10924-012-0480-z.
Agwamba, E.C. Comparative Study of Sucrose Plasticised Bioplastic Derivatives with Selected Petro-Plastics. Bayero ]. Pure Appl.
Sci. 2020, 12, 386-394. https://doi.org/10.4314/bajopas.v12i1.58s.

Nissa, R.C.; Fikriyyah, A.K.; Abdullah, A.H.D.; Pudjiraharti, S. Preliminary Study of Biodegradability of Starch-Based Bioplas-
tics Using ASTM G21-70, Dip-Hanging, and Soil Burial Test Methods. In IOP Conference Series: Earth and Environmental Science;
Institute of Physics Publishing: Bristol, UK, 2019; Volume 277.

N Wuk Park, J.U.; Soon, S.I; Kim, H.; Kim, Y.H. Biodegradable Polymer Blends of Poly(L-Lactic Acid) and Gelatinized Starch.
Polym. Eng. Sci. 2000, 40, 2539-2550.

Barros, M.T.; Petrova, K.T.; Singh, R.P. Synthesis and Biodegradation Studies of New Copolymers Based on Sucrose Derivatives
and Styrene. Eur. Polym. J. 2010, 46, 1151-1157. https://doi.org/10.1016/j.eurpolym;.2010.02.002.

Alonso-Gonzalez, M.; Ramos, M.; Bengoechea, C.; Romero, A.; Guerrero, A. Evaluation of Composition on Processability and
Water Absorption of Wheat Gluten-Based Bioplastics. J. Polym. Env. 2021, 29, 1434-1443. https://doi.org/10.1007/s10924-020-
01969-4.

Massijaya, S.Y.; B Laksana, R.P.; Nissa, R.C.; Nurhamiyah, Y.; Irmayanti, M.; Ningrum, R.S.; Kusumah, S.S.; Karlinasari, L. Char-
acterization of PLA-Based Biopolymer Composite Physical Properties with Addition of Sucrose. In Proceedings of the Interna-
tional Conference on Biomass and Bioenergy 2023, Bogor, Indonesia, 7-8 August 2023.

TAPPI T 464 OM-12 (R2022); Water Vapor Transmission Rate of Paper and Paperboard at High Temperature and Humidity.
TAPPI: Peachtree Corners, GA, USA, 2012.

ASTM D882-12; 2012 Standard Test Method for Tensile Properties of Thin Plastic Sheeting. American Standard and Testing
Material: West Conshohocken, PA, USA, 2012.

ASTM G21-15; Standard Practice for Determining Resistance of Synthetic Polymeric Materials to Fungi. American Standard and
Testing Material: West Conshohocken, PA, USA, 2021.

Oluwasina, O.0.; Olaleye, F.K.; Olusegun, S.J.; Oluwasina, O.O.; Mohallem, N.D.S. Influence of Oxidized Starch on Physicome-
chanical, Thermal Properties, and Atomic Force Micrographs of Cassava Starch Bioplastic Film. Int. ]. Biol. Macromol. 2019, 135,
282-293. https://doi.org/10.1016/j.ijpiomac.2019.05.150.

Kusumabh, S.S.; Arinana, A,; Hadi, Y.S.; Guswenrivo, I.; Yoshimura, T.; Umemura, K.; Tanaka, S.; Kanayama, K. Utilization of
Sweet Sorghum Bagasse and Citric Acid in the Manufacturing of Particleboard. III: Influence of Adding Sucrose on the Proper-
ties of Particleboard. Bioresources 2017, 12, 7498-7514. https://doi.org/10.15376/biores.12.4.7498-7514.



Polymers 2024, 16, 1028 14 of 15

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Yang, Z.; Li, X,; Si, J.; Cui, Z.; Peng, K. Morphological, Mechanical and Thermal Properties of Poly(Lactic Acid) (PLA)/Cellulose
Nanofibrils (CNF) Composites Nanofiber for Tissue Engineering. J. Wuhan Univ. Technol. Mater. Sci. Ed. 2019, 34, 207-215.
https://doi.org/10.1007/s11595-019-2037-7.

Tanaka, M.; Motomura, T.; Ishii, N.; Shimura, K.; Onishi, M.; Mochizuki, A.; Hatakeyama, T. Cold Crystallization of Water in
Hydrated Poly(2-Methoxyethyl Acrylate) (PMEA). Polym. Int. 2000, 49, 1709-1713.

Yu, L.; Liu, H,; Dean, K.; Chen, L. Cold Crystallization and Postmelting Crystallization of PLA Plasticized by Compressed
Carbon Dioxide. . Polym. Sci. B Polym. Phys. 2008, 46, 2630-2636. https://doi.org/10.1002/polb.21599.

Kusumaningrum, W.B.; Syamani, F.A.; Suryanegara, L. Heat Properties of Polylactic Acid Biocomposites after Addition of Plas-
ticizers and Oil Palm Frond Microfiber. J. Kim. Sains Dan Apl. 2020, 23, 295-304.

Kaavessina, M.; Alj, I.; Al-Zahrani, S.M. The Influences of Elastomer toward Crystallization of Poly(Lactic Acid). Procedia Chem.
2012, 4, 164-171. https://doi.org/10.1016/j.proche.2012.06.023.

Kong, Y.; Hay, ].N. The Measurement of the Crystallinity of Polymers by DSC. Polymer 2002, 43, 3873-3878.

Song, Z.; Xiao, H.; Zhao, Y. Hydrophobic-Modified Nano-Cellulose Fiber/PLA Biodegradable Composites for Lowering Water
Vapor Transmission Rate (WVTR) of Paper. Carbohydr. Polym. 2014, 111, 442-448. https://doi.org/10.1016/j.carbpol.2014.04.049.
Cazoén, P.; Morales-Sanchez, E.; Velazquez, G.; Vazquez, M. Measurement of the Water Vapor Permeability of Chitosan Films:
A Laboratory  Experiment on Food Packaging Materials. ]  Chem. Educ. 2022, 99, 2403-2408.
https://doi.org/10.1021/acs.jchemed.2c00449.

Chinnan, M.S,; Park, H.J. Effect of Plasticizer Level and Temperature on Water Vapor Transmission of Cellulose-Based Films. J.
Food Process Eng. 1995, 18, 417-429.

Robertson, G.L. Food Packaging; CRC Press: Boca Raton, FL, USA, 2016; ISBN 9781439862421.

Figura, L.; Teixeira, A.A. Food Physics: Physical Properties—Measurement and Applications, 2007th ed.; Springer: Berlin/Heidelberg,
Germany, 2007.

Borji, A.; Jourani, A. Spectrophotometry as a Method for the Determination of Solubility of Sucrose in Water and Metastable
Zone Width of Its Aqueous Solutions. Cryst. Res. Technol. 2018, 53, 1700123. https://doi.org/10.1002/crat.201700123.

Fadini, A.L.; Rocha, F.S.; Alvim, I.D.; Sadahira, M.S.; Queiroz, M.B.; Alves, RM.V; Silva, L.B. Mechanical Properties and Water
Vapour Permeability of Hydrolysed Collagen-Cocoa Butter Edible Films Plasticized with Sucrose. Food Hydrocoll. 2013, 30, 625
631. https://doi.org/10.1016/j.foodhyd.2012.08.011.

Sobral, P.; Menegalli, F.; Roques, M. Mechanical, water vapor barrier and thermal properties of gelatin based edible films. Food
Hydrocoll. 2001, 15, 423-432

Zherebtsov, S.; Semenova, I.P.; Garbacz, H.; Motyka, M. Advanced Mechanical Properties. In Nanocrystalline Titanium; Elsevier:
Amsterdam, The Netherlands, 2019; pp. 103-121.

Sofiah; Yuniar; Aznury, M. Melianti Mechanical Properties of Bioplastics Product from Musa Paradisica Formatypica Concen-
trate with Plasticizer Variables. ]. Phys. Conf. Ser. 2019, 1167, 012048.

Ginting, M.H.S.; Lubis, M.; Sidabutar, T.; Sirait, T.P. The Effect of Increasing Chitosan on the Characteristics of Bioplastic from
Starch Talas (Colocasia Esculenta) Using Plasticizer Sorbitol. IOP Conf. Ser. Earth Environ. Sci. 2018, 126, 012147.

Zhao, X; Liu, J.; Li, J.; Liang, X.; Zhou, W.; Peng, S. Strategies and Techniques for Improving Heat Resistance and Mechanical
Performances of Poly(Lactic Acid) (PLA) Biodegradable Materials. Int. ]. Biol. Macromol. 2022, 218, 115-134.
https://doi.org/10.1016/j.ijpiomac.2022.07.091.

Nandiyanto, A.B.D.; Ragadhita, R.; Fiandini, M. Interpretation of Fourier Transform Infrared Spectra (FTIR): A Practical Ap-
proach in the Polymer/Plastic Thermal Decomposition. Indones. .  Sci. Technol. 2023, 8, 113-126.
https://doi.org/10.17509/ijost.v8i1.53297.

Jannah, N.R.; Jamarun, N.; Putri, Y.E. Production of Starch-Based Bioplastic from Durio Zibethinus Murr Seed Using Glycerol
as Plasticizer. J. Ris. Kim. 2021, 12. https://doi.org/10.25077 /jrk.v12i2.398.

@rskov, K.E.; Christensen, L.B.; Wiking, L.; Hannibal, T.; Hammershgj, M. Detecting Interactions between Starch and Casein in
Imitation Cheese by FTIR and Raman Spectroscopy. Food Chem. Adv. 2023, 2, 100322. https://doi.org/10.1016/j.focha.2023.100322.
Zhou, J.; Wang, B.; Xu, C,; Xu, Y.Z; Tan, H.; Zhang, X.; Zhang, Y. Performance of Composite Materials by Wood Fiber/Polydo-
pamine/Silver Modified PLA and the Antibacterial Property. | Mater. Res. Technol. 2022, 18, 428-438.
https://doi.org/10.1016/j.jmrt.2022.02.113.

Hadjiivanov, K. Identification and Characterization of Surface Hydroxyl Groups by Infrared Spectroscopy. In Advances in Ca-
talysis; Academic Press Inc.: Cambridge, MA, USA, 2014; Volume 57, pp. 99-318.

Rilda, Y.; Valeri, A.; Syukri, S.; Agustien, A.; Pardi, H.; Sofyan, N. Biosynthesis, Characterization, and Antibacterial Activity of
Ti-Doped ZnO (Ti/ZnO) Using Mediated Aspergillus Niger. S. Afr. ]J. Chem. Eng. 2023, 45, 10-19.
https://doi.org/10.1016/j.sajce.2023.04.001.

Chieng, B.W.; Ibrahim, N.A.; Yunus, W.M.Z.W.; Hussein, M.Z. Poly(Lactic Acid)/Poly(Ethylene Glycol) Polymer Nanocompo-
sites: Effects of Graphene Nanoplatelets. Polymers 2014, 6, 93-104. https://doi.org/10.3390/polym6010093.

Guerrero, P.; Garrido, T.; Leceta, I.; de la Caba, K. Films Based on Proteins and Polysaccharides: Preparation and Physical-
Chemical Characterization. Eur. Polym. ]. 2013, 49, 3713-3721. https://doi.org/10.1016/j.eurpolym;.2013.08.014.

Cataldo, V.A ; Cavallaro, G.; Lazzara, G.; Milioto, S.; Parisi, F. Coffee Grounds as Filler for Pectin: Green Composites with Com-
petitive Performances Dependent on the UV Irradiation. Carbohydr. Polym. 2017, 170, 198-205. https://doi.org/10.1016/j.car-
bpol.2017.04.092.



Polymers 2024, 16, 1028 15 of 15

47. Yu, W.; Yuan, T,; Yao, Y.; Deng, Y.; Wang, X. PLA/Coffee Grounds Composite for 3D Printing and Its Properties. Forests 2023,
14, 367. https://doi.org/10.3390/f14020367.

48. Singh, T.; Pattnaik, P.; Kumar, S.R.; Fekete, G.; Dogossy, G.; Lendvai, L. Optimization on Physicomechanical and Wear Proper-
ties of Wood Waste Filled Poly(Lactic Acid) Biocomposites Using Integrated Entropy-Simple Additive Weighting Approach. S.
Afr. ]. Chem. Eng. 2022, 41, 193-202. https://doi.org/10.1016/j.sajce.2022.06.008.

49. Ahn, HK;; Richard, T.L.; Glanville, T.D. Optimum Moisture Levels for Biodegradation of Mortality Composting Envelope Ma-
terials. Waste Manag. 2008, 28, 1411-1416. https://doi.org/10.1016/j.wasman.2007.05.022.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



