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This study is aimed at producing a biofoam cup made from sugarcane bagasse with tempeh mold (Rhizopus oligosporus). Soybean
flour (SF) was added to promote the growth of mycelia, which could bind the bagasse fiber matrix. The main materials were whole
bagasse (B) and depithed bagasse (DB). The SF weight ratios to bagasse were 1:1 (SF1) and 1.5: 1 (SF1.5). Therefore, the studied
specimens were labeled B-SF1, DB-SF1, B-SF1.5, and DB-SF1.5. All biofoam cups were analyzed for their physical properties
(water absorption and porosity), mechanical properties (puncture and compressive strengths), biodegradability, and thermal
properties (thermogravimetric analysis). The lowest water absorption rates were obtained from the B biofoam cups
(23% +2.45%) and the SF1.5 biofoam cups (25.83% + 5.19%). Both B-SF1 and B-SF1.5 had lower porosity (8.72% + 0.88% and
10.77% + 1.54%, respectively) than the DB biofoam cups. Moreover, the B biofoam cups had smoother biofoam surfaces,
smaller voids, and lower porosity compared with the DB samples. However, the DB biofoam cups showed the highest puncture
strength (2.95 + 0.37 kgcm™) among all samples. Nevertheless, the B-SF1.5 biofoam cup had the highest compressive strength
(3.98 £0.39 MPa) and the DB-SF1.5 exhibited the slowest degradation rate (27% +0.7%) after 14 days of soil burial. The
highest thermal stability was obtained from B-SF1.5, which had a thermal degradation temperature of 264°C. Overall, B-SF1.5

had the smoothest surface, good thermal stability, and high compressive strength.

1. Introduction

Online food and product ordering services are a source of
ever-increasing plastic waste. According to a survey admin-
istered through social media on online food sellers in Wono-
mulyo, West Sulawesi Province, Indonesia, 65.3% of online
food sellers use Styrofoam packaging [1]. A survey of 200
respondents in Banda Aceh and Aceh Besar, Aceh Province,
Indonesia, in 2021 showed that 24.5% of the respondents
ordered food online very often, and Styrofoam was the most
widely used type of food packaging (68.5%) [2].

Styrofoam is made of polystyrene, which is a strong plas-
tic material composed of styrene and benzene [3]. Styrofoam
cannot be decomposed by microorganisms that exist in soil
and nature, and the burning of Styrofoam waste produces
dioxins, which are carcinogenic [4, 5]. Packaging made from
biodegradable materials, such as sugarcane bagasse, can be

developed to decrease the use of Styrofoam. Sugarcane
bagasse is often scattered on roadsides, causing environmen-
tal pollution and degrading the overall appearance of places.
Therefore, Styrofoam must be replaced with biodegradable
foam (biofoam). This material is not carcinogenic and is
thus safe for public health; it can also be decomposed by
microorganisms and is therefore environmentally friendly.

The manufacture of biofoam using natural fibers has
been extensively studied. Natural fibers from agricultural
sources, including polysaccharides, are environmentally
friendly polymers. Biomaterials from natural fibers are bio-
degradable, easy to obtain, nontoxic, and inexpensive.

The addition of wood cellulosic fibers to tannin-based
foam (TBF) decreased the foam cell size and increased the
foam cell density. With the addition of 2% natural fibers,
the foam’s compressive strength was 0.640 MPa. TBFs rein-
forced with 2wt% wood fibers provided the best
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combination of mechanical and thermal properties and foam
cell morphology [6]. Sawdust-based biofoam created using
mushroom mycelium exhibited a compressive strength of
350-570kPa [7]. Biofoam materials were prepared using
50% petroleum-based polyol and soy-oil-based polyol with
bagasse in various amounts as a natural filler. The addition
of 5wt% bagasse increased the compressive strength of the
biofoam from 3.924 to 4.274kPa and slightly enhanced its
thermal stability [8]. Other researchers studied the optimal
properties of a cassava starch biofoam cup with the addition
of cotton-fiber-reinforced rubber latex [9]. The synthetic poly-
mer expanded polystyrene was binding with mycelia from
macrofungus biofoams, Pycnoporus sanguineus and Lentinus
velutinus [10]. In recent studies, synthetic substances are uti-
lized as the main materials and natural sources serve as substi-
tutes and reinforcements. Therefore, the novelty of this
research is the development of a fully natural material from
biomass (bagasse) and its reinforcement using mycelia pro-
duced by the tempeh mold, Rhizopus oligosporus.

The use of mycelia as a binding agent in composite mate-
rials enhances the properties of biocomposites. Mycelia can
produce strong, sturdy structures; the chitin and glucan pro-
tein contents of mycelia and the protein in the mycelium cell
walls determine the properties of the resulting biocomposite
[11]. Therefore, mycelia from tempeh mold are a potential
reinforcing agent for bagasse to form fully natural biofoam.

Bagasse waste can be a raw material for biofoam because
bagasse has high cellulose content (35.01%). This polymer is
advantageous because it is available year-round, is renew-
able, and naturally deteriorates due to its lignocellulosic
components [12]. In addition, bagasse can be utilized as a
medium for the growth of R. oligosporus because it contains
carbon (47%) and nitrogen (2.5%). In the manufacture of
biofoam, mycelium growth is also influenced by the carbon
source contained in the substrate used. The availability of
carbohydrates (good carbon source) and protein (nitrogen
source) fulfills the structural and energy growth needs of
mycelium cells. Carbon compounds provide the energy
mycelia’s need to complete their life processes [13].

In this study, whole bagasse (B) and depithed bagasse
(DB) were used as raw materials in the manufacture of bio-
foam cups with the addition of R. oligosporus, the starter cul-
ture used to make tempeh, a traditional Indonesian food
made from fermented soybeans. The mycelium growth
should strongly bind the bagasse fibers to existing soybean
flour (SF) as a nutrient source. R. oligosporus mycelia can
bind the matrix of bagasse fibers. However, R. oligosporus
needs a protein source for growing and producing mycelia
[13]. Soybeans are a healthy food that is rich in protein
and minerals. The protein content of soybeans reaches
40%; in comparison, the protein content of other beans is
only 20%-25% [14]. Therefore, in this study, SF was used
as a protein source for the growth of R. oligosporus in the
manufacture of biofoam cups from bagasse waste.

2. Materials and Methods

2.1. Materials. Sugarcane bagasse was collected from a sugar-
cane juice producer near Universitas Syiah Kuala in Banda
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Aceh, Aceh Province, Indonesia. SF with an 80-mesh parti-
cle size (brand: Tani Kepyar; producer: CV Sidatani Sem-
bada, Yogyakarta, Indonesia) and tempeh mold (brand:
Raprima; producer: PT. Aneka Fermentasi Industri, Ban-
dung, Indonesia) were purchased from a shop in Banda
Aceh. Raprima’s tempeh mold, preserved in its dry state,
was about 80-mesh particle size flour and usually used as a
starter in making tempeh. The tempeh mold contains R. oli-
gosporus, whose spores can develop into mycelia. Plastic
drinking cups were used for casting, and small holes were
made around the outer side of each cast.

2.2. Preparation of Sugarcane Bagasse. Samples of B
(Figure 1(a)) and DB (Figure 1(b)) were prepared by sun-
drying B for two days. For DB, the dried bagasse was
combed with a wire brush to remove the pith and then cut
using scissors into small pieces measuring approximately
0.5cm (Figure 1(c)). All samples were kept in a plastic bag
and placed in a refrigerator before the next step.

2.3. Fabrication of Biofoam Cups. The prepared bagasse was
autoclaved at 121°C for 15min for sterilization. The steril-
ized bagasse was cooled to room temperature for approxi-
mately 1 h. The bagasse in DB and that in B were manually
mixed with SF in bowls at weight (g) ratios of 1:1 (SF1)
and 1:1.5 (SFL.5). The tempeh mold (R. oligosporus; 60%
of bagasse weight) was added to each treatment. Each mix-
ture was cast between two stacked plastic cups and incubated
for three days at room temperature (Figure 2). The produced
biofoam cups were dried in an oven at 50°C for 48 h to stop
mold growth.

2.4. Characterization of Biofoam Cups. The biofoam cups
were analyzed for their physical properties, namely, water
absorption, porosity, and density. Their structural and
mechanical properties (puncture and compressive
strengths), biodegradability, and thermal properties were
also assessed. All analyses except the morphological and
thermal analyses were conducted in triplicate on all samples
(a total of 12 specimens).

2.4.1. Water Absorption and Porosity. The standard test
method reference TAPPI T 441 om-09 was followed to ana-
lyze the water absorption properties of the biofoam cups.
Each sample was weighed, and its weight was recorded as
its initial weight (m,). Then, each sample was immersed in
200 mL of water for 900s, dried using a tissue to remove
the remaining water adhering to its surface, and then
weighed; this weight was denoted as m;. Water absorption
(%) was calculated as follows:

my —m
Water absorption = —2——2 x 100%. (1)
m

(9
Porosity was analyzed by subtracting the dry membrane

volume (v,) from the wet membrane volume (v,) and then
dividing the quotient by the dry mass volume (v) [15].

Porosity = % x 100%. )
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FIGURE 2: Polypropylene plastic cup for biofoam cup casting: (a) before use and (b) after use.

2.4.2. Morphology. Surface morphologies were characterized
using a digital microscope endoscope (Lolovi) that was con-
nected to a computer. The fracture and surface of each sam-
ple were placed in front of the microscope lens vertically at
1600x magnification.

2.4.3. Puncture Test and Compressive Strength Analysis.
Puncture strength analysis was performed using a texture
analyzer according to SNI:8058:2014. The analysis settings
were arranged so that the probe was used, and the load range
was selected so that failure occurred between 10% and 90%
of the full-scale load. The specimen was placed in the middle
and between the clamping plates. The test was performed at
a machine speed of 300 + 10mmmin~" until the pressure
rod caused the test object to collapse. Then, the average

puncture strength was calculated, and the standard deviation
of all test results was determined.

Compressive strength analysis was performed using the
texture analyzer with a TA 18 probe at a speed of
1mms~". The distance between the probe and the material
was 0.5cm. The average compressive strength was deter-
mined from three measurements [16].

2.4.4. Biodegradability. Biofoam biodegradability analysis
was conducted according to the soil burial test method [9].
The biofoam samples were cut into 2.5cm X 4cm pieces
and soaked in water for 1 min. Then, their initial weights
(w,) were measured. A 20cm tall box containing soil was
prepared. Each biofoam sample was wrapped in gauze and
then buried in soil for 14 days. After immersion, the sample



was cleaned of soil debris, and its final weight (w;) was
determined. The percentage loss in weight was calculated
as follows:

(W,

Weight lost = w;wl) x 100%. (3)

2.4.5. Thermogravimetric Analysis (TGA). TGA was con-
ducted using a Mettler TG-50 module attached to a Mettler
TC-11 4000 thermal analyzer (USA). The specimen was ana-
lyzed in a nitrogen atmosphere at a flow rate of 50 mL min~".
The temperature was set from 30°C to 600°C at a rate of

20°C/min [17].

2.5. Statistical Analysis. Data from the analysis of physical
properties, mechanical properties, and biodegradability were
analyzed using analysis of variance (ANOVA) tests.

3. Results and Discussion

3.1. Water Absorption. The water absorption of the biofoam
cups is directly affected by the mycelium condition on the
surface and the internal opening of the biofoam. The
ANOVA test suggests that the water absorption of the bio-
foam cups is significantly affected by the bagasse composi-
tion (P <0.01) and the amount of SF added to the bagasse
(P <0.05). Figure 3 shows that the B biofoam cups have
lower water absorption (23%) than the DB biofoam cups
(31.17%). This finding is related to the pith consistency in
B (DB has no pith). Bagasse pith consists of suberin (wax)
and cutin, which are water-resistant in a biofoam matrix.
Suberin is a lipophilic macromolecule found in plant cell
walls, and it has lipids as a hydrophobic component [18].
Cutin, which has the same structure and function as suberin,
forms the cuticle skeleton [19]. Therefore, both cutin and
suberin play an important role as an impermeable matter
in the biofoam cups, and the B biofoam cups have lower
water absorption rates than the DB biofoam cups.

Figure 4 shows that the SF1.5 biofoam cups have lower
water absorption than the SF1 samples. The protein content
(20%) of the SF is responsible for the water absorption of the
biofoam cups. Protein consists of several amino acids, such
as valine, glutamic acid, and isoleucine, which are hydropho-
bic; the higher the protein content, the lower the water
absorption [20]. Thus, the SF1.5 biofoam cups have lower
water absorption (25.83%) than the SF1 samples (28.33%).

Biofoam performance before (a) and after (b) immersion
in water is seen in Figure 5. The biofoam samples show
clearer bagasse sticks after water absorption than before
the immersion process. Such performance of the biofoam
cups is related to their water absorption ability. The DB bio-
foam cups have higher water absorption due to the absence
of bagasse pith. During immersion, water enters the surface
of the biofoam cup, thus shrinking the mycelium structure
and causing bagasse sticks to appear on the specimen sur-
face. The DB biofoams show clearer bagasse sticks than the
B biofoams. Therefore, pith cells prevent water from enter-
ing the biofoam cup structure.
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FiGure 3: Effect of raw material composition on water absorption
on depithed bagasse (DB) and bagasse (B) (values followed by the
same letter indicate nonsignificant differences).

Another study tested biofoam made from corn husk,
starch, and glycerol via a heating process, and it exhibited
water absorption rates of 34.4%-35.07%, which are higher
than those of our biofoam cups [21]. The differences in the
composition and raw materials of the current and previous
biofoams correlate with their absorption. However, com-
mercial, synthetic Styrofoam still has a lower absorption rate
(approximately 7.14%) compared with recently reported
biofoams [21].

The surfaces of the SF1 and SF1.5 biofoam cups before
(a) and after (b) water absorption are shown in Figure 5.
The protein in SF contains a large amount of nitrogen and
thus can be an energy source for forming mycelia, which
are needed to bind the bagasse fibers [22]. The higher SF
content of the SF1.5 biofoam cups results in thicker myce-
lium layers compared with that of the SF1 biofoam cups
(Figure 5(a)). Consequently, the SF1.5 biofoam cups have
thinner mycelium layers than the SF1 biofoam cups. This
confirms that the mycelium layer contributes to water
absorption in the biofoam cups.

3.2. Porosity. Porosity is the amount of free space (void) in
the biofoam cup matrix. This area greatly affects the biofoam
strength. Structural density prevents the entry of water and
results in a compact structure of the biofoam. The ANOVA
results indicate that the compositions of the raw materials (B
and DB) and their interaction with the amounts of added SF
(SF1 and SF1.5) have a significant effect (P <0.01) on the
porosity of the biofoam cups (Figure 6). The DB-SF1 bio-
foam cup has a higher porosity than DB-SF1.5, and their dif-
ference is significant. This is due to the amount of SF in the
DB medium, which affects the growth of mycelia. Thus, the
higher ratio of the amount of SF in SF1.5 is sufficient for R.
oligosporus.

Compared with the B biofoams, the DB biofoams con-
tain short bagasse fibers, which can form many pores in
the mixed material (bagasse and SF). In B, the pith in hollow
spaces causes the mixed material to appear stable and com-
pact. During the fermentation process, mycelium growth
spreads along the main structure of the bagasse. Therefore,



Advances in Polymer Technology 5
35 q B
28.33 A
30 1 T 25.83
< = T
£ 25 ~ I
=
8
‘é 20 A
2
£ 15
g
s 10 A
=
5 -
0 T
SF1 SF 1.5

Amount of soybean flours

FIGURE 4: The effect of weight ratio of soybean flour to bagasse (SF1) and (SF1.5) on the water absorption of the biofoam cup (values

followed by the same letter indicate nonsignificant differences).
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FIGURE 5: The appearance of the surface of the biofoam cup with 1x magnitude before soaking (a) and after soaking (b) where DB is
depithed bagasse, B is bagasse, SF1 is the ratio of soybean flour to bagasse = 1, and SF1.5 is the ratio of soybean flour to bagasse = 1.5.

the initial structure of bagasse affects the porosity of bio-
foam; in this case, pith plays a major role in maintaining a
compact biofoam structure.

Mycelia mostly grow in the spaces in the bagasse mix-
ture, and mycelium growth also influences the porosity of
the biofoam cups. As for the ratio of the SF as a nutrient
source to the tempeh mold (R. oligosporus) concentration,
65% has been reported to be the best concentration of tem-
peh mold [2]. In this study, we focus on the optimal myce-
lium growth in bagasse with and without pith and on the
effect of the amount of SF on the bagasse medium. SF fills
the cavities between the bagasse fibers; thus, the greater the
quantity of bagasse air cavities, the better the mycelium
growth. Hence, DB-SF1 has a higher total pore volume
(23.08%) than DB-SF1.5 (20%) because it has more air
cavities.

Moreover, the SF ratios to bagasse (B-SF1 and B-SF1.5)
have no significant difference (8.72%-10.77%), and below
that DB medium, the same trend was observed in TBFs rein-
forced with wood cellulosic fibers; foam porosity decreased
as the quantity of wood fibers increased [6].

3.3. Morphology. The cross-sectional morphologies of the bio-
foam cups are presented in Figure 7. B-SF1 and B-SF1.5 are
smoother than DB-SF1 and DB-SF1.5. This is due to the better
mycelium growth between the bagasse fibers and pith, causing
fewer holes and crevices on the biofoam cups. The mold and
mycelium growths form strong bonds between the bagasse
fibers. Therefore, the compactness and strength of the biofoam
structure influence the mechanical properties of the biofoam
cups. The DB biofoam cup image (red arrow) shows voids
and cracks that are not filled by pith or mycelia.
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Ficure 6: The interaction effect of the bagasse composition of
bagasse fiber (DB) and whole bagasse (B) and addition of soybean
flour bagasse ratio 1:1 (SF1) and 1.5:1 (SF1.5) to the porosity of
biofoam cup (values followed by the same letter indicate
nonsignificant differences).

The amount of added SF affects the layer of mycelium
growth, so SF1.5 has a smoother surface than SF1. R. oligos-
porus plays a role in producing amylase, protease, and lipase
enzymes during tempeh fermentation, where these enzymes
break down proteins. The mycelium growth of R. oligosporus
can reach a height of approximately 10 mm [23]. The cross-
sectional morphologies of the biofoam cups are closely
related to their water absorbance and porosity. The B-
SF1.5 biofoam cup shows low porosity, which agrees with
the sample image in Figure 7. The surface of the B-SF1.5 bio-
foam is shown in Figure 8. All surfaces are covered by myce-
lia, but B-SF1.5 exhibits the smoothest surface among all
specimens. The DB samples have more indents and crevices
compared with the B biofoams. The pith fills the gaps in the
cavities, thus allowing the mycelia to grow easily between the
bagasse fibers and evenly cover the entire biofoam cup
surfaces.

Mycelium growth depends on the existence of substrates
in the media. The high protein content in SF plays a role in
the formation of hyphae [24]. In addition, the calcium con-
tent in SF (0.14%) is required for hyphal growth by releasing
calcium-containing vesicles [25]. Usually, hyphae grow at
angles of 42°-47° to the long axes of existing hyphae and
form mycelium networks [26]. As seen in Figure 8(d), B-
SF1.5 is dense and smooth, and the entire bagasse surface
is covered by mycelia. This is because mycelia grow on both
sides of, inside, and around individual particles during col-
ony formation. These networks attach to discrete particles
to form a compact composite. As a colony stretches, vegeta-
tive hyphal fusion connects discrete hyphae and forms a
leaf-like lattice structure [27].

The main constituents of fungus cell walls are chitin, -
glucan, and glycoprotein. The outer surface of a fungus’s cell
wall is rich in glucan, and its inside contains chitin microfi-
brils, which covalently form a network of cross-links with
glucans [28]. This network plays a role in spreading myce-
lium growth, filling cavities and valley part, and covering
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the outer surface of the bagasse matrix. In addition to main-
taining the integrity of a cell wall, chitin is responsible for the
formation of a network between the cell wall and the capsule
for epithelial adhesion [29, 30].

3.4. Puncture Test. The puncture strength analysis is aimed
at determining the surface tension of the biofoam cups
against puncture. The ANOVA findings suggest that the
bagasse composition and amount of added SF have a signif-
icant effect (P <0.01) on the puncture strength of the bio-
foam cups.

As shown in Figure 9, the DB biofoam cups have higher
puncture strength (2.95kgcm™2) than the B biofoam cups
(1.80 kgecm ™). The pith in the bagasse medium weakens
the surface tension. We assume that the layer of bagasse
fibers can promote surface strength and structural sturdi-
ness. Thus, the pith in bagasse may create gaps, and incom-
patibility regions may appear between the bagasse fibers and
their pith.

Interestingly, although the DB biofoams have higher
porosity than the B biofoams, the DB biofoams have better
surface tension than the B biofoams, which have lower
porosity. This is due to the homogeneity of the bagasse
material and the strong binding created by the mycelia.
Figure 5 shows that DB-SF1 (a) and DB-SF1.5 (a) have
thicker mycelium layers than B-SF1 (a) and B-SF1.5 (a).

The SF1.5 biofoam cup has a puncture strength of
2.65kgecm™?, which exceeds that of SF1 (2.1kgcm™%
Figure 10). The amount of added SF affects the puncture
strength of the biofoam cup; the addition of SF enhances
the structural density of the biofoam cup and reduces air;
meaning the biofoam has a tighter structure [31]. With a
larger amount of added SF, the mold has sufficient nutrition
and can grow more robustly, leading to a thicker mycelium
layer.

3.5. Compressive Strength. The compressive strength of the
biofoam cups ranges from 1.74 to 3.98 MPa. The B-SF1.5
(3.98 MPa) biofoam cup has the highest compressive
strength among all samples, and on average, the B biofoam
cups have higher compressive strengths than the DB bio-
foam cups (Table 1). This is because the bagasse pith fills
the hollow areas, thus promoting the compactness of the
biofoam structure. This finding is in line with the porosity
analysis results (Section 3.2), which indicate that the B bio-
foams have lower porosity than the DB biofoams. The lower
porosity results in a denser matrix, as the hollow areas are
filled by pith.

Apart from the presence of pith, the thickness of the
mycelium layer supports the bond strength between sugar-
cane fibers between strands. Mycelium growth depends on
the amount of substrate in the medium. The greater sub-
strate amounts in SF1.5 accelerate the multiplication and
growth of hyphae in the bagasse media. The SF1.5 biofoam
cups exhibit more mycelium layers compared with the SF1
biofoam cups (Figure 8), hence strengthening the bonds
between the fibers. The compressive strength or mechanical
resistance of fungal composites is affected by the length of
the culture period, depending on the fungal species used
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FIGURE 7: Morphology of cross section of biofoam cup with 1600x magnitude: DB-SF1 (a), DB-SF1.5 (b), B-SF1 (c), and B-SF1.5 (d).
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FIGURE 8: Morphology of surface of biofoam cup with 1600x magnitude: DB-SF1 (a), DB-SF1.5 (b), B-SF1 (c), and B-SF1.5 (d).
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TaBLE 1: Compressive strength of biofoam cup.

Bagasse Soybean flour to Compressive
& bagasse ratio strength (MPa)
1:1 (SF1) 1.74+£0.27
Depithed bagasse (DB)
1:1.5 (SFL.5) 2.07+0.73
1:1 (SF1) 3.85+1.35
Bagasse (B)
1:1.5 (SF1.5) 3.98+0.39

[7, 22, 32]. Likewise, mycelium density, substrate type, and
composite moisture can influence the mechanical properties
of fungal composites [32].

A mycelium cell wall contains chitin, glucans, proteins,
and lipids, whose concentrations depend on the available
substrate. The outer layer consists of glucans, whereas the
inner layer contains chitin microfibrils cross-linked with
other polysaccharides in the form of strong covalent bonds
[28]. This structure plays an important role in the formation
of mycelium networks in biofoam, which affects the
mechanical properties of the final material [11]. In the pro-
cess of hyphal growth, the formation of branches and net-
works is called tip extension. In the initial phase of hyphal

growth, hyphae form a network on the surface of a substrate
[33] and continue to form a tubular structure [25]. The pro-
tein content in SF is important for septal formation in fila-
mentous fungi. In this study, the formed colonies create a
dense composite on the substrate surface, thus covering the
entire surfaces of the bagasse fibers.

The amount of available nutrients plays an important
role in the formation of mycelia, which enhances network
density and strength, thereby increasing the strength of the
biofoam [11, 27]. As for the B-SF1.5 biofoam cup, the low
porosity and high density of the biofoam lead to an increase
in the compressive strength of the sample. In a past study on
TBFs reinforced with wood fibers, the biocomposite density
increased the compressive strength of the TBFs; at densities
of 70 and 150 g/cm’, the compressive strengths were 0.095
and 0.400 MPa, respectively [6].

3.6. Biodegradability. The biodegradability test results of bio-
foams with different bagasse compositions and SF ratios in
the soil burial tests are shown in Figure 11. Biodegradability
analysis is aimed at determining the rates of natural decom-
position of the biofoam cups in soil via hydrolysis, microbial
degradation, or both. After being buried in soil for 14 days,
the biofoam cups exhibit weight losses ranging from 27%
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F1GURE 11: Biofoam sample with 1x magnitude: before the biodegradability test (a) and after the biodegradability test (b).

TaBLE 2: Biodegradability test of biofoam cup after 14 days.

Bagasse Soybean flour Biodegradability (%)
SF1 32.33 £20.82

DB
SF1.5 27.00 +21.66

5 SF1 56.67 + 13.01
SF1.5 33.67 +8.96

to 56.67% (Table 2). The biodegradation of a biofoam cup is
directly related to the biodegradation of its molecular chains.
The B biofoam cups have higher biodegradation rates than

the DB biofoam cups. This is due to the incompatibility
between the bagasse fibers and pith, which makes them easy
to separate and promotes microphase disintegration. This
condition aids in enzymatic hydrolysis and enhances the
biodegradability of the biofoam cups. The SF1 biofoam cups
have higher biodegradation rates than the SF1.5 biofoam
cups because they have thicker mycelium layers, which hin-
der water penetration and delay microorganism attacks.

3.7. TGA. This section discusses the thermal stability of the
biofoam properties, specifically the effect of using B or DB
to make the biofoam cups and the effect of various SF ratios
on the thermal behavior of the cups. Figure 12 shows the
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F1GURE 12: Thermogram analysis results of TGA biofoam cup bagasse, where DB is depithed bagasse, B is bagasse, SF1 is the ratio of soybean
flour to bagasse 1, and SF1.5 is the ratio of soybean flour to bagasse 1.5.

TaBLE 3: Thermal properties of biofoam cup.

Residue weight (%)

Sample Degradation temperature (°C)

T400 (DC) T600 (OC)
DB-SF1 258 35 12
DB-SF1.5 257 39 28
B-SF1 248 36 22
B-SF1.5 264 37 27

Description: DB: depithed bagasse; B: bagasse; SF1: ratio of soybean flour to
bagasse 1; SF1.5: ratio of soybean flour to bagasse 1.5.

TGA and derivative thermogravimetric curves and summa-
rizes on set temperatures of each sample in Table 3, namely,
Tyo0 (%) and Ty, (%). All samples exhibit almost the same
thermal degradation trend, undergoing three degradation
phases.

In stage I, weight loss occurs in each sample beginning at
30°C-100°C. In this phase, an endothermic process occurs,
namely, the evaporation of water vapor in the biofoam cup
during heating [34]. Thermal degradation does not occur,
and the weight loss is 90%-85%.

In stage II, the biofoam cups begin to decompose after
the initial degradation temperature. The B-SF1.5 biofoam
cup has the highest initial degradation temperature
(264°C), indicating that its biofoam properties are more
thermally stable than those of the other samples. The SF1.5
biofoam cups have thicker mycelium layers than the other
samples. This contradicts previous studies stating that myce-
lia start to decompose at approximately 225°C [35] lower
than cellulose-based materials, including bagasse. However,
the higher the degradation temperature of a sample, the
more stable it is as a heat retardant. In this stage, the glyco-
sidic bonds in cellulose are broken, which produces CO,,
H,O0, volatile compounds, and various hydrocarbon deriva-

tives [17]. These results are in agreement with previous find-
ings indicating that the thermal degradation temperature of
mycelium-based biofoam made using sawdust as the fiber
matrix was between 220°C and 310°C [10]. This result was
associated with the cellulosic content of the sawdust; the
thermal decomposition of cellulose typically starts at tem-
peratures greater than 315°C because of the predominantly
crystalline nature of cellulosic chains [36].

In stage III, residue is produced after thermal degrada-
tion at 400°C-600°C. The compounds formed during ther-
mal degradation evaporate, resulting in a weight loss of
12%-38%, and each sample is reduced to ash.

As seen in Table 3, the DB-SF1 biofoam cup has a small
amount of residue (12%) at T,. This is because the largest
component in bagasse is cellulose (35%). Cellulose has a
high rate of decomposition, resulting in volatile components
and small carbonation residue [37]. While the hemicellulose
and lignin contents further increase the carbonation residue,
the lignin content influences the decomposition tempera-
ture; lignin decomposes at a minimum temperature of
500°C.

4. Conclusions

The B biofoam cups have a lower water absorption rate
(23%) than the DB biofoam cups, with the B-SF1.5 biofoam
cup having a lower water absorption rate (25.83%) than B-
SF1. Both SFI and SF1.5 have lower porosity (8.72% and
10.77%, respectively) than the DB biofoam cups. These find-
ings agree with the morphology analysis results; the B-SF1.5
biofoam cup has a smoother biofoam surface, smaller voids,
and lower porosity than the other samples. However, the DB
biofoam cups have a higher puncture strength (2.95 kg cm™2)
than the B biofoam cups, with the SF1.5 samples having a
higher puncture strength (2.65kgcm™) than the SFI
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biofoam cups. The samples exhibit no significant differences
in the compression and degradability tests. In particular, the
B-SF1.5 biofoam cup shows a higher compressive strength
(3.98 MPa), but the DB-SF1.5 biofoam cup has the slowest
degradation rate (27%) after 14 days of soil burial. The B-
SF1.5 biofoam cup has the highest thermal stability, having
a thermal degradation temperature of 264°C. Overall, the
best biofoam cup is the one made from B with SF (1.5 weight
ratio to bagasse), which has good thermal stability and com-
pressive strength.
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