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Abstract. This study investigates the potential of agricultural by-products, rich in lignocellulosic materials,
as sustainable food packaging materials to mitigate the environmental issues associated with non-
biodegradable plastics and styrofoam. Starch-based biodegradable food trays were developed using
agricultural by-products, including sorghum stalk, rice straw, and kraft pulp through thermopressing
method. By combining varying proportions of polyvinyl alcohol (PVA) and a sorghum-rice straw fiber
mixture, biodegradable foam products with notable strength, water resistance, and cost-effectiveness for
large-scale production were produced, exhibiting densities between 0.7 and 0.8 gr/m*. Notably, a 5% PVA
composition in the sorghum fiber biodegradable foam displayed favourable mechanical properties and water
resistance, with a tensile strength of S MPa and a contact angle of 73.79°, coupled with an appealing physical
appearance. However, increasing PVA concentration beyond this level had negligible effects, indicates the
optimal limit of PVA. Additionally, the distinct roles of rice straw powder as a matrix and sorghum fiber as
reinforcement within the biodegradable foam were identified. Biodegradation tests revealed natural
decomposition starting from the seventh day, with over 95% growth of Aspergillus Niger fungus, suggesting
that these biodegradable foam products hold promise for mass production in the packaging industry,

presenting a sustainable alternative to conventional plastic packaging.

1 Introduction

Styrofoam is a food packaging that is often used for
fast food or other processed foods. Its widespread
utilization can be attributed to several advantages,
including practicality, leak resistance, lightweight
properties, suitability for both hot and cold food items,
and  cost-effectiveness [1].  Nevertheless, the
environmental ramifications associated with styrofoam
are a pressing concern, as it exhibits poor
biodegradability in soil and poses a significant pollution
threat. Furthermore, styrofoam contains the hazardous
substance styrene, which, especially when exposed to
elevated temperatures, can have severe long-term health
consequences due to its carcinogenic properties [2].
Regarding the dangerous impacts of styrofoam, the
development of environmentally friendly packaging
such as biodegradable foam and bioplastics has
increased in the food industrial sector.

Presently, the development of biodegradable foam
and bioplastics predominantly relies on starch as the
primary matrix. This choice is primarily attributed to
starch's status as a readily available natural polymer
material that is easy to process and possesses significant
economic value [3]. In terms of reinforcing elements in
biodegradable foam composites, cellulose-based natural

* Corresponding author: resti.marlina@brin.go.id

fibers are widely favored due to their favorable
mechanical properties [4]. Various natural fibers, such
as rice straw fiber [5], sorghum stalk [6], kraft pulp [7],
orange peel [8], durian skin [9], and other agricultural
waste materials, are employed in the production of
biodegradable foam. The selection of fiber as a
reinforcing agent typically hinges on its cellulose
composition, which provides high tensile strength [10].
Some natural fiber materials that can be used as raw
materials for making biodegradable foam are rice straw
with a component of 37.71% cellulose, making it an
excellent candidate for bioplastic materials with
thermoplastic properties conducive to ease of shaping
and molding [11]. Additionally, sorghum stem fiber is a
viable option due to its relatively high cellulose content,
ranging from 39% to 43% [12,13], while kraft paper
waste is also a potential reinforcing material, owing to
its predominantly cellulose-based composition [8].
There have been ongoing research efforts aimed at
improving the mechanical characteristics of
biodegradable foam to create viable substitutes for
conventional Styrofoam. Numerous investigations have
explored the development of biodegradable foam
derived from agricultural or household waste, such as
sorghum stalks, rice straw, and kraft pulp. According to
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research findings, biodegradable foam composed of
80% sorghum fiber and 10% PVA exhibits the highest
recorded tensile strength value, measuring at 0.77 MPa
[6]. In contrast, different studies have indicated that
biodegradable foam containing 15% sorghum fiber and
20% citric acid adhesive yields the highest Modulus of
Rupture (MOR) value, reaching 5 MPa. It is worth
noting that variations in fiber composition tend to
increase thickness swelling in biodegradable foam [14].
Furthermore, the utilization of rice/corn straw as
reinforcing materials in biodegradable foam has
demonstrated an elastic modulus value of 20 kPa [15].
Additionally, utilizing kraft pulp with a fiber ratio of 1:6
results in the highest tensile strength value, measuring
3.38 MPa, while a starch-to-kraft pulp ratio of 13:10
boosts this value to 4.5 MPa [16]. Regarding to those
references, it indicates that the mechanical properties of
biodegradable foam remain relatively modest and
exhibit variability, depending on the formulation matrix
employed, in comparison to conventional Styrofoam,
which boasts a tensile strength of approximately 16.1
MPa [17]. Consequently, optimizing the formulation of
biodegradable foam becomes a major consideration to
streamline  production costs, particularly when
contemplating its industrial-scale application.

In addition to the reinforcement components, the
matrix of a biodegradable foam composite consists of
various essential elements, including plasticizers, cross-
linkers, and foaming agents. Plasticizers are often
derived from polymers to improve water-resistant
properties, such as poly(lactic acid) (PLA) [18], poly(e-
caprolactone) (PCL) [19], poly(vinyl alcohol) (PVA)
[20], chitosan [21], and cellulose acetate (CA) [22],
which are blended with starches. Among
environmentally friendly polymers, polyvinyl alcohol
(PVA) stands out due to its resistance to oxygen,
mechanical strength, and chemical durability. PVA is
easily soluble in water because it is dominated by
hydroxyl groups [20]. A cross-linker is a molecule with
at least two reactive groups capable of forming bridges
between polymer chains [23]. The role of a cross-linker
is pivotal in composite materials, as it enhances
mechanical stability by creating ester or ether bonds
[24]. Cross-linkers typically have lower molecular
weights than other matrix components. Polysaccharides
containing hydroxyl groups can be cross-linked with
polyfunctional carboxylic acids. Examples of such acids
used for cross-linking polysaccharide materials include
1,2,3,4-butanetetracarboxylic acid [25,26], poly(maleic
acid) [26], and citric acid [25]. Citric acid has the
capability to react with multiple hydroxyl groups
present in starch. An advantage of using citric acid as a
cross-linker is its nutritional harmlessness when
unreacted (CA), as it can also act as a starch plasticizer
[27,28]. As for foaming agents, sodium bicarbonate is a
commonly employed substance for food development,
making it a safe additive for biodegradable foam [8].

In this study, we aim to fabricate biodegradable foam
from kraft pulp, rice straw, and sorghum stalk fiber that
has excellent mechanical properties, easy to handle, low
cost, and easily degradable to be used as food trays
replacing plastic packaging. The effect of adding and
concentrating PVA on biodegradable foam material was

carried out to see its effect on the physical and
mechanical properties of the material in order to
minimize low production costs. Apart from that, the
influence of a mixture of natural fiber from sorghum
stem fiber and straw was also carried out to see the
optimization of fiber use based on the characteristics of
natural fiber waste.

2 Material and Methods

2.1 Materials

Sorghum stalk and Rice straw fiber (particle size
passed > 60 mesh) as agricultural by-product material
were obtained from local farmers in Central Java,
Indonesia. Paper waste from domestic waste was used
to make kraft pulp. Commercial tapioca starch Brand
“Pak Tani” was used without pre-treatment. Polyvinyl
Alcohol (PVA) technical grade BP-24 was purchased
from Chang Chun Chemical (Jiangsu Co. Ltd, China).
Citric Acid monohydrate food grade was purchased
from ENSIGN with CAS NO. 5949-29-1. Commercial
Natrium Bicarbonate food grade was used as a foaming
agent and Distilled (DI) water was used to dissolve the
materials.

2.2 Methods

The materials and detail compositions of
biodegradable foam are listed in Table 1 with the total
weight of solid materials being 132.5 grams for each
variation. First, fiber materials, namely sorghum stalk
and rice straw, were mixed with starch as dry materials.
On the other hand, kraft pulp was dissolved into 100ml
PVA 5% (w/v) solution and stirred until a homogeneous
mixture was reached. Then citric acid solution (ratio 1:
1 with DI water) was added into the mixture and stirred
until homogenous as well (this is later called wet
materials). Dry and wet materials were mixed using a
mixer (digital laboratory planetary mixer model 76-
B702, Controls, Australia) with 285 rpm for 5 minutes.
Last, Natrium bicarbonate was added to the batter and
mixed again, approximately 5-7 minutes, until the batter
was well mixed. Finally, the batter is then moulded in a
preheated thermopressing machine (customizable
mould) at 135°C for 10-15 minutes. After being
removed from the mould, the sample was left for 30
minutes for the cooling process and stored in a closed
container.

2.3 Characterization

2.3.1 Mechanical testing

The mechanical test was performed using Shimadzu
Universal Testing Machine (UTM) 10kN. All samples
were cut in rectangular size 5 x 1.5 cm (as shown in Fig.
1) to conduct modulus of elasticity, tensile strength, and
strain failure tests.
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Table 1. The solid material composition of biodegradable foam.

. Component formulation per sample (gr)
Materials ] IS _1-1 7S 2-1 1S 3-1 SP 5% | SP 10% | SP 20% | S nonP
Rice straw 25 6.25 12.5 18.75 - - - -
Sorghum Stalk - 18.75 12.5 6.25 25 25 25 25
Kraft Pulp 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5
Starch 50 50 50 50 50 50 50 50
Polyvinyl Alcohol
(PVA) 5 5 5 5 5 10 20 -
Citric Acid (CA) 10 10 10 10 10 10 10 10
Natrium 10 10 10 10 10 10 10 10
Bicarbonate
2.3.2 Biodegradable test

The biodegradability test was conducted using the
Modified ASTM G21 method on Salt Agar (SA) media,
as described by Nissa et al [29]. Samples were cut into
three samples with size of 1.5 x 1.5 cm for each
sample.The test was assessed for 7-30 days, employing
the fungi Aspergillus niger as a decomposer. A volume
of 10 mL of sterile aquades was used to homogenize
Aspergillus niger utilizing a wire loop to obtain a stock
culture. A 10" culture was generated by introducing 1
mL of a stock culture into 9 mL of sterile aquades. Then,
an additional volume of 1 mL from a 107! culture was
poured into 9 mL of sterile DI water, forming a 10
culture suspension. A sterile petri dish was inoculated
with 100 uL of a 1072 dilution of cultures. Each petri dish
was then filled with 20 mL of SA media. Once the media
completes settling, every sample is appropriately placed
onto the surface of the SA media. An equal distribution
of 100 uL of a 107 culture was applied to each sample.
After 7-29 days, the growth of Aspergillus niger was
examined, and the area overgrown was calculated using
the Image J software.

3 Results and Discussions

Fig. 1 shows the variations of the biodegradable
foam samples made. Biodegradable foam with rice
straw tends to have a darker brownish color compared
to sorghum stalk which has yellowish in color. It can be
seen that there are some porous/foams in the
biodegradable foam sample due to the addition of
sodium bicarbonate as a foaming agent. However, the
formed pores still tend to be uneven due to not
homogeneous batter mixture. Adding the mixing
duration is necessary to ensure that every material is
thoroughly mixed. Biodegradable foam’s prototype for
SP_5% can be seen in Fig. 2.

J Js_1-1

Js_2-1 )5 31 SP 5%

Fig. 1. Variation of biodegradable foam samples.

Fig. 2. Prototype of biodegradable foam for SP_5%.

3.1 Mechanical Properties

The mechanical test of biodegradable foam samples
was carried out using a Shimadzu UTM 10kN machine.
The mechanical measurements include modulus of
elasticity, tensile strength, and strain failure as listed in
Table 2.

The modulus of elasticity (Young's modulus) shows
a value related to how elastic the material is. The greater
the modulus of elasticity, the stiffer our material will be.
In the case of biodegradable foam, the effect of modulus
elasticity is influenced by the PVA component. The
higher concentration of PV A used, it is expected that the
modulus of elasticity will decrease. This can be seen in
the test data in table 1 which shows a reduction value of
the modulus elasticity with the addition of PVA
concentration.

The sample with 5% PV A concentration has a value
of modulus elasticity 0.099 while for 20% PVA
concentration the modulus elasticity value decreases to
0.089. Furthermore, there was an anomaly in the value
of the 10% PVA concentration variation which was
predicted to originate from the biodegradable foam
pores due to the uneven effect of the sodium bicarbonate
mixture in the sample. On the other hand, it appears that
the smallest elastic modulus value is owned by the
formulation of Rice Straw-Sorghum 1:1 sample with 5%
PVA concentration. The addition of rice straw tends to
increase the value of the modulus of elasticity and make
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Table 2. Mechanical properties of Biodegradable foam.

Sample Young’s Modulus Tensile Strength Strain Failure
E (GPa) Std Dev o (MPa) Std Dev € (%) Std Dev

S _nonP 0.979 0.149 2.635 1.003 0.337 0.133
SP 5% 0.099 0.087 5.004 1.262 0.497 0.112
SP_10% 0.780 0.027 2.339 0.431 0.652 0.539
SP _20% 0.089 0.069 2.374 1.535 0.382 0.085
JS 1-1 0.084 0.062 2.556 1.899 0.331 0.201
JS 2-1 0.092 0.033 1.869 0.070 0.271 0.042
JS 3-1 0.104 0.039 3.409 0.381 0.433 0.134

J 0.111 0.090 3.323 0.970 0.394 0.014

the material stiffer. This occurs due to rice straw powder
having hygroscopic properties with finer particle sizes
making the biodegradable foam sample stiffer after
dehydration or thermopressing process was carried out.
In contrast to sorghum fiber, which is relatively
hydrophobic, the particle size of sorghum stalk fiber is
relatively coarser therefore it acts as a reinforcement in
biodegradable foam samples.

Tensile Strength (TS) is the maximum stress that a
material can withstand. The greater the value of TS, the
stronger the mechanical properties of the material. From
the mechanical test data, it can be seen that the highest
TS value was found in the sorghum sample with 5%
PVA mixture, while the addition of PVA concentration
tended to reduce the TS value and was not affected by
the concentration of the variations carried out. This
shows that the proportion of strength in the
biodegradable foam material is not only influenced by
the PVA polymer as a plasticizing agent but also
affected by the strength of the constituent fiber matrix.
The addition of PVA polymer tends to affect the elastic
properties of the material but does not have a significant
impact on the TS value which was seen by not
significant differences value in the variation of 10% and
20% concentrations of PVA samples. This indicates that
there is a saturation point of PVA concentration in the
biodegradable foam mixture which shows that 5%
concentration of PVA is sufficient as a binder as an
optimum concentration of PVA in the composite.
However, the addition of rice straw tends to increase the
TS value due to the hygroscopic behavior of the rice
straw which has hydroxyl group so that it tends to mix
well with the PVA polymer and gives a good tensile
strength value.

Strain to failure (SF) gives the measure of how much
the specimen is elongated to failure. It measures the
ductility of the material. From Table 1 it can be seen that
the largest SF value is owned by SP_5% followed by the
variation JS 3-1 and sample J. Moreover, the
percentage of 5% PV A sample gives the optimum value
for the ductility properties of biodegradable foam. Thus,
blending rice straw and PVA could increase the ductility
of the material due their hydroxyl group interaction
compared to sorghum fiber. Additionally, PVA has a
dominant hydroxyl group that makes it bond more easily
with rice straw powder. The excellent mixture between
PVA and rice straw produces the great value of
material's ductility.

3.2 Water Resistant

Contact angle measurements indicate the water
resistance of a material wherein the biodegradable foam
sample, the PVA component is one of the components
that responsible for increasing the water resistance of
biodegradable foam.

69.65° 73.79°

Fig. 3. Contact angle test on various biodegradable foam
samples.

However, the addition of variations in PVA
concentrations can also reduce the value of the contact
angle in biodegradable foam. This presents that the
addition of PVA, as an additive to increase the value of
strength and water resistance, has an optimum value for
the proportion of PVA and fiber matrix in biodegradable
foam. PVA has a dominant hydroxyl group that can
reduce the water-resistant properties of the material
when an excessive amount is added. Consequently, the
water resistance of biodegradable foam composite is
influenced by the proportion of fiber and PVA ratio,
where the optimum value for the contact angle is
obtained with the ratio of PVA and fiberis 1: 11.5.
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The value of the contact angle is also affected by the
type of fiber, namely the ratio of sorghum and straw
fibers used. The more rice straw composition added the
contact angle of the biodegradable foam samples will
increase. This happens due to rice straw has high silica
[30] content and excellent blending between PVA
polymer and rice straw to provide optimum water
resistance. In this case, rice straw and PVA, as rich
hydroxyl group components, act together as a binder
while sorghum fiber and pulp act as reinforcing material
in the biodegradable foam composite.

3.3 Biodegradable Test

Fungi have major economic significance due to their
crucial function in biodegradation processes,
particularly in food and environmental degradation [31].
The fungus can synthesize many enzymes, including
cellulase, amylase, and lipase, which
facilitate hydrolysing complex macromolecules into
smaller, more manageable component [32]. Aspergillus
niger is a fungal species renowned for its capacity to
break down organic substances enzymatically. It also
has the potential to be employed in the degradation of
organic waste, including food scraps, agricultural
residues, and similar materials. Aspergillus niger is
commonly found as a contaminant in food. It is also
frequently found ubiquitously in soil and indoor
environments. Furthermore, Aspergillus niger 1is
classified as Generally Recognized as Safe (GRAS) by
the US Food and Drug Administration for use in food

production [33]. Therefore, this fungus is considered to
be a decomposing agent in biodegradability tests on
biodegradable foam samples.

In this study, the biodegradability test was carried
out by adopting the biodegradable method on bioplastics
as performed by Nissa et al [29]. This test is based on
the standard ASTM G21 method on salt for modified
media. The test was carried out for a span of 7 days for
each sample. The results of the biodegradable test
showed that biodegradable foam samples with
variations of sorghum have good biodegradability. This
is indicated by the growth of the fungus Aspergillus
niger which reached 98.43% within 7 days. From the
test results, the addition of PVA concentration tends to
increase its biodegradability value. This depicts that the
PVA polymer is a polymer that is easily degraded in
nature due to high degree of hydrolysis. There are two
steps in the biodegradation mechanism of PVA
composites: firstly, the PVA hydroxyl groups are
oxidized to form the B-diketone structure, and then the
C-C bonds in the diketone structure are broken down
through hydrolysis [34]. During the degradation
process, the fungus Aspergillus niger releases enzymes
that accelerate polymer degradation by disrupting the
internal chemical structure of the material. In this
process, carbonyl groups are formed from PVA-
degrading enzyme compounds, which attack the
material's hydroxyl groups through oxidation and
dehydrogenation processes.

Table 3. Biodegradable test results on various biodegradable foam samples.

Growth percentage (%)
Sample Day-0 Day-7 value Std Dev
Control 0.00 0.000
i<
S nonP 96.70 0.177
SP 5% 95.73 0.010
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SP_10% . | 97.67 0.001
SP_20% ||| 98.43 0.006
JS_1-1 || 14.58 0.077
JS_2-1 2433 0.165
IS _3-1 - 31.85 0.111

] 027 0.005

In addition, samples with variations of sorghum and
rice straw fibers exhibit the growth of Aspergillus niger
(black in color) which tended to be inhibited due to the
presence of other types of fungi growing on the
biodegradable foam samples. The presence of this
inhibiting fungus is predicted to be inherited from the
rice straw fiber during the raw material preparation or
storage process. However, the presence of this inhibiting
fungus does not hinder the degradation process in
biodegradable foam samples because the presence of
fungi growing in biodegradable tests depicts that
biodegradable foam material can be degraded well in
nature. In addition, the mixture of rice straw and
sorghum stalk fiber can increase the degradable process.

In general, biodegradable foam manufactured from rice
straw and sorghum has inherent biodegradability since
it is capable of natural decomposition by
microorganisms that play an important role in breaking
down organic substances.

4 Conclusions

Biodegradable foam with a mixture of natural fiber
materials such as sorghum stalk fiber, rice straw, and
paper pulp waste has been successfully produced and
provides excellent mechanical strength, water
resistance, and biodegradability. From the variations of
PVA concentration, it was found that the addition of 5%
PVA was the optimum value for the composition of
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biodegradable foam which increases the mechanical
properties and gives the best water resistance.
Furthermore, the variations of sorghum stalk and rice
straw fibers provide a better water resistance value due
to the excellent blending of rice straw powder and PVA
compared to sorghum stalk fiber. The variations in rice
straw and sorghum fiber within the biodegradable foam
played distinct roles which are the rice straw more acting
as a filler in combination with the PVA, while sorghum
fiber acted as reinforcement. Lastly, the biodegradation
test showed that produced biodegradable foam could be
degraded naturally in nature which was indicated by the
growth of the rotting fungus Aspergillus niger of more
than 95% since the seventh-day test performed. In
general, this product has the potential to be applied as a
food tray or as secondary packaging for food packaging
applications. Further research is needed to transform this
biodegradable foam into suitable material for primary
food packaging (direct contact with food) by enhancing
its water resistance for extended durability.

The authors acknowledge the facilities, scientific and technical
support form Advanced Characterization Laboratories
Cibinong — Integrated Laboratory of Bioproduct, National
Research and Innovation Agency through E- Layanan Sains,
Badan Riset dan Inovasi Nasional.

References

1. 1. Al Mukminah, Farmasetika.Com (Online) 4,
(2019)

2. T. R. Hidayat, 1. Indrawati, and T. Herlina, Al-
Kauniyah J. Biol. 13, 218 (2020)

3. N. Soykeabkaew, C. Thanomsilp, and O.
Suwantong, Compos. Part A Appl. Sci. Manuf. 78,
246 (2015)

4. A. Bergeret and J. C. Benezet, Int. J. Polym. Sci.
2011, 569871 (2011)

5. P. Phanthong, P. Reubroycharoen, X. Hao, G. Xu,
A. Abudula, and G. Guan, Carbon Resour.
Convers. 1, 32 (2018)

6. P. Luna, S. Darniadi, A. Chatzifragkou, and D.
Charalampopoulos, IOP Conf. Ser. Earth Environ.
Sci. 749, 012057 (2021)

7. N. Kaisangsri, O. Kerdchoechuen, and N.
Laohakunjit, Carbohydr. Polym. 110, 70 (2014)

8. R. Marlina, Y. Sumantri, S. S. Kusumah, A.
Syarbini, A. Cahyaningtyas, T. I. Petanian, F.
Ilmu, P. Halal, and U. Djuanda, J. Kim. Dan
Kemasan 43, 1 (2021)

9. P. Luna, K. Wahyuningsih, H. Habiddin, and N.
Setyawan, AIP Conf. Proc. 2569, 70012 (2023)

10. E. Hermiati, D. Mangunwidjaja, T. C. Sunarti, O.
Suparno, and B. Prasetya, J. Penelit. Dan
Pengemb. Pertan. 29, 121 (2010)

11. R. Pratiwi, D. Rahayu, and M. 1. Barliana, Indones.
J. Pharm. Sci. Technol. 3, 83 (2016)

12. H. A.M. Saeed, Y. Liu, L. A. Lucia, and H. Chen,
BioResources 12, 5212 (2017)

13. Y. Sudiyani, J. Waluyo, E. Triwahyuni, D.
Burhani, Muryanto, P. Primandaru, A. P. Riandy,
and N. Sumardi, AIP Conf. Proc. 1803, 20015
(2017)

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ismadi, S. S. Kusumah, Subyakto, B. Subiyanto, L.
Suryanegara, and R. Marlina, J. Bahan Alam
Terbarukan 9, 103 (2020)

Y. Pan, Y. Zhou, X. Du, W. Xu, Y. Lu, F. Wang,
and M. Jiang, Polymers (Basel). 15, 2222 (2023)
Y. Arya Yudanto and I. Pudjihastuti, Int. J. Eng.
Appl. Sci. Technol. 5, (2020)

N. Tang, D. Lei, D. Huang, and R. Xiao, Polym.
Test. 73, 359 (2019)

J.-F. Zhang and X. Sun, J. Appl. Polym. Sci. 106,
857 (2007)

D. Preechawong, M. Peesan, P. Supaphol, and R.
Ruyjiravanit, Polym. Test. 23, 651 (2004)

R. L. Shogren, J. W. Lawton, and K. F.
Tiefenbacher, Ind. Crops Prod. 16, 69 (2002)

N. Kaisangsri, O. Kerdchoechuen, and N.
Laohakunjit, Ind. Crops Prod. 37, 542 (2012)

J. Guan and M. A. Hanna, Ind. Crops Prod. 19, 255
(2004)

G. Thakur, F. C. Rodrigues, E. Dathathri, S. K.
Nayak, and K. Pal, Polym. Gels 31 (2018)

A. G. Gerezgiher and T. Szabd, J. Phys. Conf. Ser.
2315, 012036 (2022)

B. A. K. Andrews and B. J. Collier, Ind. Eng.
Chem. Res. 31, 1981 (1992)

R. Shi, J. Bi, Z. Zhang, A. Zhu, D. Chen, X. Zhou,
L. Zhang, and W. Tian, Carbohydr. Polym. 74, 763
(2008)

E. Sholichah, B. Purwono, and P. Nugroho, IOP
Conf. Ser. Earth Environ. Sci. 101, 012018 (2017)
L. Garcia-Guzman, G. Cabrera-Barjas, C. G.
Soria-Hernandez, J. Castaiio, A. Y. Guadarrama-
Lezama, and S. Rodriguez Llamazares,
Polysaccharides 3, 136 (2022)

R. C. Nissa, A. K. Fikriyyah, A. H. D. Abdullah,
and S. Pudjiraharti, IOP Conf. Ser. Earth Environ.
Sci. 277, 12007 (2019)

H. Khaleghian, M. Molaverdi, and K. Karimi, Ind.
Eng. Chem. Res. 56, 9793 (2017)

B. Goodell, J. E. Winandy, and J. J. Morrell,
Coatings 10, (2020)

T. A. De Oliveira, R. Barbosa, A. B. S. Mesquita,
J. H. L. Ferreira, L. H. De Carvalho, and T. S.
Alves, J. Mater. Res. Technol. 9, 2338 (2020)

N. Singh and S. Gaur, in edited by X. Dai, M.
Sharma, and J. Chen (Springer International
Publishing, Cham, 2021), pp. 27-37

Y. Deng, C. Wang, Y. Liu, P. Chen, X. Lin, and Y.
Zhang, RSC Adv. 9, 27398 (2019)



