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Abstract. An environmental pollution problem is caused in part by packaging materials made from non-biodegradable syn-
thetic polymers derived from petroleum. In this study, eco-friendly biofoams derived from natural rubber (NR) latex and
rice starch (RS) were manufactured on a laboratory scale using the Dunlop process. Rice starch content was varied from 0
to 50 phr. The morphological, thermal, physical, mechanical, and biodegradability properties of the NR/RS biocomposite
foams were characterized. Scanning electron microscopy (SEM) was used to assess the morphology of the foam cells. Dy-
namic mechanical thermal analysis (DMTA) and Thermogravimetric analysis (TGA) were used to investigate the thermal
characteristics. When RS was present, it was discovered that the biocomposite foams had decreased thermal stability and
enhanced biodegradability. Introducing RS into the NR/RS biocomposite foams also decreased tensile strength, elongation
at break, and rebound resilience but increased the 100% modulus, hardness, compression force deflection (CFD), and com-
pression set. The NR/RS biocomposite foams better preserved the banana fruit than the absence of foam, with lower ethylene
accumulation, lower total soluble solids (TSS), higher pulp firmness, and good color preservation. This demonstrated that
these NR/RS biocomposite foams helped to preserve banana fruit quality during storage and could be used in sustainable
packaging applications.
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1. Introduction potential toxicity of the finished product, have led to
Everyday waste from consumed goods, such as bot-  increased interest in using biopolymers as alterna-
tles, food scraps, plastic bags, food wrappers, and  tives to petroleum-based polymers [2]. Biopolymers
other packaging, is discarded as municipal solid are made from natural materials and have recently
waste. Unfortunately, many waste products, partic-  attracted scientific attention because of their reusabil-
ularly those made from synthetic petroleum poly- ity, eco-friendliness, accessibility, sustainability, and
mers with non-renewable components, are not bio-  level of usefulness [3].

degradable [1]. Several factors, including the deple-  Natural rubber (NR), a biopolymer and environmen-
tion of oil and gas reserves, rising prices, concerns  tally benign elastomer is extracted from the Hevea
about the effects of degradation or incineration on  Brasiliensis tree as latex, a milky-appearing liquid.
the environment and particularly on global warming, Because it is renewable, non-toxic, has excellent
contamination-prone recycling processes, and the physical properties, and is inexpensive, NR is the
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most often used elastomer globally in industry and
in many applications where the finished goods come
into contact with food or drinkable water [4]. Al-
though NR is categorized as a natural polymer, its
biodegradability is still poor due to the high molec-
ular weight of NR macromolecules and the addition-
al chemical crosslinking created during vulcaniza-
tion [5].

Starch is a biopolymer composed of two distinct
components, amylose and amylopectin, with the pro-
portions depending on the botanical source, such as
corn, cassava, potatoes, sago, rice, etc. [6]. Rice is
the most widely grown cereal grain and is considered
the primary source of nutrition for approximately
half of the world’s population [7]. Among all the
starches, rice starch (RS) is a popular raw material
for many food and non-food applications due to its
non-allergenicity, easy digestion, white color, tiny
grains (3—10 mm), and wide range of amylose/amy-
lopectin ratios [8]. Because it is abundant, inexpen-
sive, biodegradable, and has good film-forming
properties, several studies have been published on
the use of starch as a biodegradable packaging ma-
terial or as a bio-coating to increase the shelf life of
fresh fruit, either alone or in combination with other
biopolymers [9].

For NR composites, biodegradability has been pur-
sued by incorporating various kinds of starches, such
as corn starch [10—12], waxy corn starch [13, 14],
cassava starch [15-20], potato starch [4, 21, 22],
sago starch [23], rice starch [24, 25], and unspecified
starch [26, 27]. Such prior studies, however, have
often constructed rubber films or adhesives. In addi-
tion to tires, gloves, condoms, and so on, the utiliza-
tion of NR foam products has also increased recent-
ly. NR foam is commonly used in the production of
a variety of products, including mattresses, pillows,
dolls, cushions, and flooring, because it provides
both good mechanical and distinct morphological
features, in addition to providing a good balance be-
tween strength and weight [28]. This type of foam is
among the many products that can be manufactured
from both NR latex and dry NR.

Protective and cushioning materials are crucial in
packing, preserving, and enhancing the quality of
food products throughout the distribution, storage,
and consumption processes [29, 30]. These cushion-
ing materials must have a low density to save trans-
port costs, barrier properties against moisture, and
good processing abilities. Pretroleum-based plastic
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foams dominate the current market of protective and
cushioning packing products, including expanded
polystyrene foams, expanded polyethylene foams,
expanded polypropylene foams, and polyurethane
foams [31-33]. Consequently, finding alternative
biobased and sustainable packaging to replace petro-
leum-based packaging materials and meet cushion
packing standards has been actively pursued in re-
search. The developments of foams prepared from
natural rubber and starch as agricultural resources
have been reported [1, 34-36]. However, these stud-
ies have one thing in common: either starch was used
as the primary matrix, or the foams were prepared
using dry NR under compression moulding. The
only study that reported on the production of NR
foam as the primary polymer matrix in biocompos-
ites using NR latex as a starting material for foam
preparation was by Prasopdee et al. [37], in which
the cassava starch served as a light filler to improve
the recovery properties of natural rubber foam
(NRF) prepared through the Dunlop process. Cassa-
va content was varied from 0 to 16 phr. NRF pos-
sessed better compression strength and shape recov-
erability with increasing cassava content and showed
the optimum properties at 8 phr. This NRF was in-
tended for high resilience or high shape recoverabil-
ity applications [37]. After an extensive review, no
previous report on NR/rice starch foam used in food
packaging applications was found by the authors of
this current study.

The objective of this work was to prepare cushion
biocomposite foam sheets. Following the concept of
green and sustainable materials, the biocomposite
foams were produced via the Dunlop method in this
study, using a straightforward strategy that combines
natural rubber (NR) latex and rice starch (RS) as re-
newable and biodegradable filler in the absence of
any organic solvent. The effects of RS content on
morphological, physical, mechanical, and thermal
properties and biodegradability of the NR/RS bio-
composite foam are reported. Additionally, in an ap-
plication case study, the NR/RS biocomposite was
utilized as a cushion foam sheet to extend the shelf
life of bananas.

2. Experimental

2.1. Materials

High-ammonia-grade concentrated natural rubber
latex with a dry rubber content of 60% and the sus-
pension vulcanizing additives listed in Table 1 were
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Table 1. Composition of the NR/RS biocomposite foams.

Starch content
Ingredients [phr]

0 10 20 30 40 50
60% NR latex 100.0 100.0 100.0 100.0 100.0 100.0
20% Potassium oleate 1.0 1.0 1.0 1.0 1.0 1.0
50% Sulfur 2.0 2.0 2.0 2.0 2.0 2.0
50% ZDEC 1.5 1.5 1.5 1.5 1.5 1.5
50% ZMBT 1.5 1.5 1.5 1.5 1.5 1.5
50% CPL 2.0 2.0 2.0 2.0 2.0 2.0
50% ZnO 5.0 5.0 5.0 5.0 5.0 5.0
30% DPG 0.85 0.85 0.85 0.85 0.85 0.85
1% Sodium metabisulfite 0.025 0.025 0.025 0.025 0.025 0.025
20% SSF 0.60 0.65 0.70 0.75 0.8 0.85
50% Rice starch 0.0 10.0 20.0 30.0 40.0 50.0

obtained from Boss Oftical Limited Partnership,
Songkla, Thailand. Sodium metabisulfite was ob-
tained from Merck, Darmstadt, Germany. Rice
starch was produced by Cho Heng Rice Vermicelli
Factory Co., LTD., Nakhon Pathom, Thailand. All
the chemicals were used as received.

2.2. NR/RS biocomposite foam preparation

NR/RS biocomposite foam samples were prepared
using the Dunlop method, which entails foaming
compounded latex, adding chemical agents, and then
adding a gelling agent to solidify the foam. Table 1
provides a complete list of the components with their
respective pph amounts in proportion to the NR com-
ponent (the dry rubber content). Using a multipur-
pose kitchen blender, we mixed the concentrated NR
latex to reduce ammonia for 2 min at a low speed. To
make the foam, K-oleate was added, and the mixture
was whisked for 2 min at high speed until it had ex-
panded to around three times its original volume. The
mixing speed was slowed to medium before applying

Natural rubber latex Rice starch
L J
Y Dunlop method

* Ethylene gas

|v

sulfur (S), zinc diethyl dithiocarbamate (ZDEC),
zinc-2-mercaptobenzothiazole (ZMBT), and antiox-
idant (Lowinox CPL). After that, the RS was added
to the mixture, and the blend was stirred for two min-
utes. We slowed down the blender and added more
diphenylguanidine (DPG) and zinc oxide (ZnO), then
pounded it for a full minute. Finally, 35 s were allot-
ted to incorporate the major gelling ingredient, sodi-
umsilicofluoride (SSF). The SSF content is based on
the rice starch content to keep the gelling time con-
stant. The mold was filled with a non-gelled foam left
to gel at room temperature. In a hot air oven set to
100°C, the gelled foam was allowed to cure for an
hour. After the foam had been set, it was taken out of
the mold and given a thorough rinsing with water to
remove any remaining soap residue or unreacted
components. Once again, the resulting foam spent
24 h drying at 60 °C. Figure 1 provides a high-level
view of the research and development of biocompos-
ite packing foam sheets and their effects on the ab-
sorption of ethylene in postharvest bananas.

@ Morphological properties ‘

Q G_I_D Physical properties ‘

Figure 1. A high-level view of the research and development of biocomposite packing foam sheets and their effects on the

absorption of ethylene in postharvest bananas.
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2.3. Characterization and mechanical
property testing of NR/RS biocomposite
foam

Scanning electron microscopy (Quanta 250, FEI

Company, Eindhoven, Netherlands) revealed the

foam had fractured surfaces. Cell size and number

were observed from SEM images using a cooling tech
microscope program. A laser particle sizer (ANALY-

SETTE 22 NeXT Nano, FRITSCH GmbH, Germany)

was used to test and analyse the particle size of rice

starch powder as a wet dispersion. The density of a

specimen was calculated using the mass and volume

of the foam in grams and cubic centimeters, respec-
tively (estimated based on the apparent dimensions).

The average density of at least five specimens was

recorded for each sample type. According to ASTM

D2240, a Shore AO hardness test was conducted on

a specimen with a 10 mm thickness. Based on ASTM

D2632, the rebound resilience was measured by

dropping a 16.3 g metal ball from a height of 500 mm

onto a 50 mm-thick test piece. The distance the ball

traveled after striking the specimen was measured.

The compression set was evaluated based on ASTM

D395. The test specimens measured 50x50%25 mm.

Each sample was examined three times. The samples

were placed between the plates of the compression

device and compressed to 50% of their initial thick-
ness. The apparatus and compressed specimens were

placed within 15 min in a 70°C air oven for 22 h.

After 22 h, the samples were removed from the ap-

paratus and given 30 min to recover. After recovery,

the specimen thickness was determined. The com-
pression force deflection (CFD) was measured using
an ASTM D 3574-95 universal testing machine. The
test specimens measured 100x100x100 mm. The
samples were compressed to half their original size.

Test specimens for ASTM D412 (tensile testing) and

ASTM D624 (tear testing) were evaluated using a

universal testing machine with a crosshead speed of

500 mm/min at 25+2 °C. The average results of five

samples were exhibited. The dynamic mechanical

thermal analysis (DMA 1, Mettler Toledo, Switzer-
land) was used to perform the dynamic mechanical
thermal testing with a specimen dimension of
10x30%2.5 mm over the temperature range from

—100 to 100°C at a heating rate of 5°C/min, a fre-

quency of 10 Hz, and a strain magnitude of 1%,

under nitrogen gas. Thermal degradation of native

rice starch powder and NR/RS biocomposite foam
samples was assessed using a Thermogravimetric
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analysis (TGAS8000, Perkin Elmer, United States of
America) with a heating rate of 10°C/min from 25
to 800 °C under N, gas atmosphere.

2.4. Soil burial test

The foams were cut into 2.0%2.0 cm pieces and
buried in the soil at a depth of 7 cm in an ambient
environment. Every two weeks, the weights of the
samples were measured. The degradation rate was
calculated as Equation (1):

W, — W,
Weight loss [%] = —t—=-100 (1)
b
where W, and W, are the corresponding weights of
the foam materials after and before the test. The pre-
sented data are averaged from three independent

samples of each type.

2.5. Application of NR/RS biocomposite foam
to the preservation of bananas

A local banana plantation in Surat Thani, Thailand,
provided us with freshly picked bananas (Musa
acuminata (AAA Group)) at commercial maturity
(70-80% maturity). The bananas were harvested and
then delivered to the lab the same day. This particu-
lar fruit was selected because it consistently met our
criteria for size and weight, and the samples were
free of physical defects. The fruit was then rinsed in
running water and allowed to dry naturally before
use in the planned experiments.

2.6. Ethylene measurement

A multi-gas analyzer was utilized to ascertain the
NR/RS biocomposite foam’s level of ethylene ab-
sorption (F-950 model, Felix Instruments Inc., Unit-
ed States). Randomly choosing three bananas, meas-
uring their weight, and packing them with two bio-
composite foams was done. After that, they were
placed in a 1.7 | airtight glass jar with a lid that held
a rubber septum for sampling headspace gas, and they
were kept at a temperature of 25+2 °C for twenty-
four hours. Throughout the storage period, ethylene
gas was measured on the hour, and the results are ex-
pressed in pl/(kg-h) C,Hy.

2.7. Quality evaluation of banana
preservation

Bananas from the same batch were randomly sepa-

rated into two lots for the control (no foam) and for

NR/RS biocomposite foam treatments, with five
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replicates in each treatment. The bananas had uni-
form size, weight, and maturity levels. After placing
each set of three bananas between two foam sheets,
the sets were placed in corrugated boxes and kept at
a temperature of 25+£2°C for twelve days. Every
three days, fruit samples were taken and analyzed
for weight loss, pulp hardness, peel color, and total
soluble solids (TSS). A penetrometer was utilized to
evaluate the cohesiveness of the pulp of banana fruits
(FHR-1, Nippon Optical Works Co. Ltd., Tokyo,
Japan). The brightness (L") and hue angle (4") were
both determined for the color of the peel by meas-
urement using a colorimeter (NH310 model, Shen-
zhen Three NH Technology Co. Ltd., China). The
total soluble solids (TSS) in fruit juice were analyzed
with a refractometer (Master-M, Atago Co. Ltd.,
Japan), and the results are presented in degrees Brix.

2.8. Statistical analysis

The statistical homogeneity of variance was deter-
mined using data from repeated experiments. To com-
pare significant effects at the p < 0.05 level, a one-
way analysis of variance (ANOVA) was used, fol-
lowed by the calculation of Tukey’s Honestly Sig-
nificant Difference (HSD).

3. Results and discussion
3.1. Morphological studies
The particle size distribution of RS is displayed in
Figure 2a. RS had a trimodal size distribution with
small, middle, and prominent peaks over the ranges
0.3-1.7, 1.7-21.3, and 21.3-116.3 pm, respectively.
The large-sized particles were caused by granule ag-
gregation, as indicated by SEM images. The particles
were also characterized by equivalent diameters at
10% cumulative volume (D10) and 90% cumulative
volume (D90). The values of D10 and D90 were 2.4
and 47.5 pum, respectively. Such supplementary in-
formation describes the particle size distribution
5

4 4
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1000

more precisely. In addition, the D50 particle size was
9.4 um. The granular structure (shape and size) of RS
was also observed by scanning electron microscopy
(SEM), as shown in Figure 2b. These RS granules
exhibited a particle size of around 3—5 pum, predom-
inantly polyhedral and irregular shape, and smooth
surfaces, in agreement with prior literature [7, 8].

SEM images of surfaces and cross-section views of
NR/RS biocomposite foams are presented in Figures 2
and 3, respectively. An open cell structure was most-
ly present. An open cell structure typically results
from the high-speed mixing of latex used in the Dun-
lop method, which creates gas bubbles of various
sizes [28]. The biocomposite foam without RS has a
small, uniform foam cell structure (Figure 4a). More-
over, the NR/RS biocomposite foams did not present
starch granular morphology. This demonstrated that
the starch had undergone gelatinization. The use of
RS granules as a filler in NR foam prepared with the
Dunlop method caused swelling and disintegration
of the RS granules. This was validated by both sur-
face and cross-sectional views without distinction
between RS and NR particles. As the RS content was
increased, the biocomposite foam had a large, irreg-
ular foam cell character, and the cell wall became
thicker (Figures 4b—4f). The Dunlop method is a me-
chanical foaming procedure that poorly regulates
pore production, resulting in an inhomogeneous
foam dispersion [38]. The number of cell foams also
decreased with increasing RS content (Figure 5a).
On the surface of an NR/RS biocomposite foam con-
taining RS, open macropores were discovered. The
pores were considerably larger in size compared to
the biocomposite foam without RS. This might be
because after being baked at 100 °C, the RS particles
that had been incorporated in the NR latex phase
during mixing had been gelatinized. This could
make the foam structure more unstable and induce
more connected cells from the loss of walls. This

30 um

HiRes Gold on Carbon

Figure 2. Granule size distribution and morphology of RS a) granule size distribution of RS as measured by a laser particle
size analyzer, b) morphology of RS as imaged by scanning electron microscopy.
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d)

Figure 3. SEM images of surfaces of NR/RS biocomposite foams with RS a) 0 phr, b) 10 phr, ¢) 20 phr, d) 30 phr, ¢) 40 phr,
and f) 50 phr.

was clearly seen in the NR/RS biocomposite foam  exhibit opposite trends to each other, as could be ex-
with RS content of 50 phr (Figures 3f and 4f). pected. Furthermore, it is common knowledge that
The density increased with RS content, as seen in  increasing the filler content tends to increase the den-
Figure 5b. This might be because there were fewer sity due to the higher density of the filler [39]. In this
cells and the creation of large-sized cells occurred  instance, the density of NR is 0.92 g/cm?, while the
throughout the matrix. The density and porosity  density of RS is 1.530 g/cm? [40].

" < Y A j\ L

d)

Figure 4. SEM images of cross sections of NR/RS biocomposite foams with RS a) 0 phr, b) 10 phr, ¢) 20 phr, d) 30 phr,
¢) 40 phr, and f) 50 phr.
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Figure 5. Physical properties of NR/RS biocomposite foams: a) number of foam cells, and b) bulk density of foam. a, b, ¢, d,
e, f: different letters denote a significant difference between the two values according to ANOVA analysis (Section 2.8.)

3.2. Thermal properties

Thermogravimetric analysis (TGA) was used to de-
termine the thermal stability of samples. Thermal
stability was evaluated in terms of weight loss as a
function of temperature in a nitrogen atmosphere.
TGA and Derivative Thermogravimetry (DTG) pro-
files of native RS powder and NR/RS biocomposite
foams are exhibited in Figure 6. All samples tested
demonstrated a weight loss zone in the 30-100°C
temperature range, indicating moisture evaporation.
The significant degradation of native RS powder and
the NR biocomposite foam was observed at approx-
imately 300 and 380 °C, respectively. During ther-
mal decomposition, the NR/RS biocomposite foams

100-
Starch content [phr]
- 0
J — 10
80 20
- 30
= 604 — 5
= — Starch powder
2
2 407
204
o} * = - |
0 200 400 600 800
a) Temperature [°C]
250
Starch content [phr]
EZOO- -_— ;8
= — 30
2 o = 40
2 1%0 — 50
el
g
o 1001
(o)
©
=)
» 504
0 T -
-100 -50 0 50 100

Temperature [°C]

exhibited two main degradation stages, one before
330°C and the other around 350450 °C, correspon-
ding to RS and NR degradation, respectively. The
NR/RS biocomposite foams are thermally degraded
at a lower temperature than the unfilled RS foam.
Evidently, composites with a high RS content had
reduced thermal stability. The characteristic temper-
atures of thermal degradation are summarized in
Table 2. The deterioration of NR/RS biocomposite
foam’s thermal stability with increasing RS loading
was attributed to the lesser thermal stability of RS
compared to NR.

Figure 6¢ presents the storage modulus vs. tempera-
ture for the NR/RS biocomposite foams with different

0.001
g
£
£-0.014
z
.’5’ Starch content [phr]
2 -0
— 10
_:’Z: -0.02 4 20
[y - 30
2 — 20
[a] — 20
= Starch powder
-0.03 . v
b) Temperature [°C]
1.6
Starch content [phr]
1.44 0
1.2
1.04
=)
C
S 0.8+1
0.6 1
0.4+
0.2+ '
0.0 — x
-100 -50 0 50 100
d) Temperature [°C]

Figure 6. Thermal responses of the NR/RS biocomposite foams, a) TGA thermogram, b) DTG thermogram, c¢) storage mod-

ulus, d) tand.
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Table 2. Thermogravimetric analysis (TGA) and dynamic mechanical thermal analysis (DMTA) data for starch powder and

NR/RS biocomposite foams.

Starch content 7 7 T;;A 7 Residue T DMTA
tphrl Cl °Cl °Cl °C] 1%l rcl fand max
0 348 392 414 451 4.15 -51.7 1.51
10 320 385 407 447 3.18 -52.7 1.49
20 306 384 407 453 4.81 -53.2 1.47
30 298 380 405 467 498 -53.8 1.50
40 297 380 405 460 5.14 -53.8 1.45
50 292 379 404 457 5.99 -53.9 1.49
Starch powder 254 308 395 653 4.75 -

RS contents. It was found that the storage modulus
tended to increase with RS content. This was due to
the stiffness imposed by the RS. Figure 6d displays
tand vs. temperature. On adding more RS, the glass
transition temperature 7 slightly shifted to a lower
value. This indicates only weak interactions between
RS and NR due to their different polarities. Howev-
er, compared to the pure NR biocomposite foam,

0.9
0.84

0.74 — 10

J 20
061 _ %o
059 — 40
044 — 50
0.3

0.2+
0.1+
0.0

Starch content [phr]
0

Stress [MPa]

0 100 200 300 400

a) Strain [%]

Compression force deflection
[N/m?]

0 10 20 30 40 50
c) Starch content [phr]
50
a
_ a,b a,b ab,c -
S 404 : c
Q
o
| =t
L 301
0
o
° 204
=
s
28
o 104
14
0 10 20 30 40 50
e) Starch content [phr]

there was no significant change in tan 6 when the
starch content was increased.

3.3. Mechanical properties

Figure 7a shows the stress—strain curves of the
NR/RS biocomposite foams. It can be seen that an
increase in RS content generally decreased tensile
strength and elongation at break. In contrast, the

0.30

0.25 1
0204 ¢ ¢ c
0.15 1
0.10 1

0.05 1

Modulus at 100% extension
[MPa]

0.00 -

0 10 20 30 40 50
b) Starch content [phr]

Hardness [Shore AQ]
N
(o 5
Q0

0 10 20 30 40 50
Starch content [phr]

e

60

50 e
40 4 b z

E.

30 4

20 A1

Compression set [%]

0 10 20 30 40 50
f) Starch content [phr]

Figure 7. Mechanical properties of the NR/RS biocomposite foams, a) stress vs. strain, b) modulus at 100% extension,
¢) compression force deflection, d) hardness, e) rebound resilience, and f) compression set. a, b, ¢, d, e, f: different
letters denote a significant difference between the two values according to ANOVA analysis (Section 2.8.)
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100% modulus and compression force deflection
(CFD) presented in Figures 7b and 7c¢, respectively,
increased remarkably with the proportion of RS in
the NR/RS biocomposite foams. They had trends
similar to the hardness presented in Figure 7d. The
biocomposite foam without RS had the least hard-
ness of 15.8 Shore AO while adding 50 phr RS in-
creased the hardness of the NR/RS biocomposite
foam to 32.2 Shore AO. This was because RS is hard
and brittle. Thus, adding a harder filler to a soft and
flexible rubber matrix led to increases in hardness,
modulus, and CFD but decreased tensile strength
and elongation at break. The rebound resilience of the
NR/RS biocomposite foams is shown in Figure 7e. It
was found that the addition of RS caused a decrease
in rebound resilience. This was due to stiff and rigid
starch that diminished the flexibility of the NR com-
posites. In addition, a substantial reduction in re-
silience was induced by larger cell sizes with de-
creased NR chain flexibility. The biocomposite foams
had an inverse relationship between hardness and re-
silience, consistent with Vahidifar ef al. [41]. This
observation agreed with the compression set dis-
played in Figure 7f. The compression set measures
the capacity of a foam material to keep its elastic
properties at a specific temperature when com-
pressed for an extended period. The lower the com-
pression set, the more flexible the material is, and
the less it changes permanently [42]. So, the material
has better elastomeric properties when the compres-
sion set is low. Figure 7f displays the compression
set for the NR/RS biocomposite foams. The com-
pression set was greater than 0% in all cases, show-
ing that the NR/RS biocomposite foams did not re-
turn to their original shape after being deformed. The
NR biocomposite foam without RS exhibited the
least compression set, and on increasing RS content,
the compression set increased. Apparently, the NR/RS
biocomposite foams lost elastomeric properties due
to a dilution effect.

3.4. Biodegradability

The NR/RS biocomposite foams were buried in soil
for 12 weeks under ambient conditions to observe
biodegradation. The biodegradation was measured
by calculating the weight loss as a percentage of ini-
tial weight, as shown in Figure 8. As the RS contents
increased, the biodegradation of NR/RS biocompos-
ite foams linearly increased. At the end of the
12" week, the NR/RS biocomposite foam with 50 phr

35

25

Starch content [phr]
L]

10
= 20
= 30
= 40

201

15 1

10 4

Weight loss [%]
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Figure 8. Average weight loss [%] by degradation time for
the NR/RS biocomposite foams during burial in
soil for up to 12 weeks. a, b, ¢, d, e, f: different let-
ters denote a significant difference between the two
values according to ANOVA analysis (Section 2.8.)

RS reached its maximum biodegradation value of
roughly 20%. In contrast, the pure NR biocomposite
foam showed only a <5% weight loss over the same
time period. Because the RS is quickly destroyed by
bacteria and fungi in the soil [16], the NR/RS bio-
composite foams with high RS contents biodegrade
at a faster rate. In a study by Watcharakul ef al. [43],
the presence of starch enabled the degradation of
NR. Because the starch was digested first and served
as a growth substrate for the bacteria, the bacterium
population grew rapidly, and the rate of NR break-
down increased [43]. This agreed with Bhatt et al.
[44], who reported that NR was slowly destroyed in
nature by particular microbes [44]. In addition, Tan-
rattanakul and Chumeka [35] mention that a longer
time was required for deterioration with increased
NR content. The addition of NR lowered foam water
absorption. Because water is required for fungal de-
velopment and the physical parameters impact en-
zyme activity, a decrease in water absorption and a
high average molecular weight resulted in a lower
rate of biodegradation [35]. Therefore, it was con-
firmed that RS as filler can increase the degradation
rate of the NR/RS biocomposite foams.

3.5. Quality of banana

Biocomposite foam was developed as a new alterna-
tive cushioning foam sheet for mechanical damage
protection during transport and storage. The NR/RS
biocomposite foam exhibited higher tensile strength,
elongation at break and tear strength compared to a
commercial cushion foam sheet, as shown in Table 3.
Furthermore, it showed high rebound resilience and
low compression set, as seen in Figures 7¢ and 7f,
indicating that the biocomposite foams had better
flexibility properties. If the biocomposite foam can
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Table 3. Mechanical properties of the commercial foam and
NR/RS biocomposite foams.

Tensile Elongation Tear
Properties strength at break strength
[MPa] [%o] [N/mm]
Commercial foam | 0.35+0.13 90.3+3.7 2.41+0.56
0 0.85+0.02 455.14£3.5 4.48+0.12
‘g 10 0.65+0.04 417.049.8 4.02+0.19
g £ 20 0.51+0.01 392.943.6 5.49+0.06
5 & 30 0.49+0.01 304.7+3.7 3.72+0.26
§ 40 0.44+0.01 283.7£6.8 3.51+0.16
50 0.42+0.01 204.8+5.4 3.95+0.25

also absorb ethylene emitted from the fruit, it will
have further useful functionality. Accordingly, the
NR/RS biocomposite foam with RS 30 phr was cho-
sen for further study as a cushioning foam sheet to
extend the life of bananas because it contained the
greatest amount of RS in the foam rubber composite
without a reduced number of cells foam, as seen in
Figure 5a. Fleshy fruit ripening represents the unique
coordination of developmental and biochemical
pathways that change peel color, texture, aroma, and
nutritional quality. Ethylene (C,H4), a gaseous plant
hormone, influences the ripening of numerous fruits.
It has been demonstrated that packaging with ethyl-
ene removal systems significantly delays the effects
of ethylene on storage-related deterioration. As a re-
sult, numerous initiatives have been made to reduce
the rate at which ethylene-induced deterioration of
fresh produce occurs [45].

Figure 9a presents the ethylene release rate of ba-
nanas in sealed glass jars. Over the storage duration,
the C,H4 concentration rose in each case. Bananas
without the NR/RS biocomposite foam (the control)
reached their ethylene level peak on the 9" day, after
which there was a declining trend. However, the ba-
nanas packed with NR/RS biocomposite foam had
their climacteric peak delayed to the 12% day. In ad-
dition, the bananas packed with NR/RS biocompos-
ite foam had less ethylene accumulated in the head-
space of the glass jar throughout the storage period
monitored. The NR/RS biocomposite foam was suc-
cessful in absorbing ethylene and preventing ethylene
accumulation in the glass jar because of its porosity
with open cell structure. Sittinun et al. [46] mention
that the interconnecting pores made this composite
an efficient sorbent by facilitating the adsorption of
additional chemical species. The average weight loss
per treatment, with weight loss tending to rise from
the start to the end, is shown in Figure 9b. The weight
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loss was greater the longer the fruit was stored. How-
ever, bananas in the control treatment and those
packed with NR/RS biocomposite foam had no dif-
ference in weight loss. This indicates that the bio-
composite foam could not act as a water vapor bar-
rier for the banana fruit. In addition, the notably thick
peels of bananas, which protect them from excessive
transpiration, were responsible for their weight
maintenance. Fruit firmness is an important charac-
teristic that represents quality and determines con-
sumer acceptability. As presented in Figure 9c, ba-
nana pulp firmness reduced dramatically on the sixth
day of storage and gradually declined thereafter. The
softness was generated by the depolymerization and
de-esterification of protopectin in the middle lamella
of the cell wall [47]. This occurrence resulted in a
weak texture. The impact of storage time on banana
TSS is depicted in Figure 9d. All the banana samples
showed stable TSS levels within the first three days.
Then the TSS dramatically increased in all samples.
The hydrolysis of starch and other carbohydrates
produced total soluble sugars like sucrose, glucose,
and fructose [48], which increased the TSS. Control
bananas exhibited a sharp increase in TSS and
peaked on day 6 of storage, subsequently becoming
steady. In contrast, the NR/RS biocomposite foam
treatment presented a delay of the TSS peak to
day 12 of storage. On the sixth day, bananas packed
with NR/RS biocomposite foam showed lower TSS
than the control bananas and a higher pulp firmness.
This suggests that using NR/RS biocomposite foam
delayed the transformation of starch to sugars and
suppressed the activity of cell wall hydrolase en-
zymes in the banana fruit during storage. Fruit color
is the most essential and the most often used quality
indicator. As a banana ripens, its green surface turns
yellow, which affects its quality and marketability.
The transformation of chloroplasts into chromoplasts
causes the color change in fruit, corresponding to a
decrease in chlorophyll and an increase in carotenoids
[49]. Figures 9e, 9f displays the time profiles of the
peel color of bananas in terms of lightness (L") and
hue angle, respectively. The hue angle is representa-
tive of the color changes, whereas lightness is corre-
lated with the pigmentation level [50]. Bananas in the
control group and those with NR/RS biocomposite
foam had increasing L" throughout the storage. The
control bananas changed from green to yellow on
day 6 of storage, which correlated with the decrease
in hue. Bananas packed with NR/RS biocomposite
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Figure 9. a) Ethylene release rate, b) weight loss, c) pulp firmness, d) TSS, e) lightness (L"), and f) hue angle of bananas
fruit during storage at 2542 °C for up to 12 days. a, b, ¢, d, e, f: different letters denote a significant difference be-
tween the two values according to ANOVA analysis (Section 2.8.)

foam had a reduced L" over the first 9 days of storage,
but it peaked on day 12, correlating with the greater
hue. This demonstrates that the NR/RS biocomposite
foam could absorb ethylene, resulting in less chloro-
phyll breakdown and a delayed banana peel color
change. This was supported by the quality changes
in the bananas after storage for 12 days, illustrated in

Day 0 Day 3 Day 9 Day 12

Day 6

Control

ST 30 phr |

Figure 10. Peel colors of bananas in the control group and
those packed with NR/RS biocomposite foam
during storage at 2542 °C for up to 12 days.
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Figure 10. The bananas in the experiment had green
peel for the first three days. On day 6, the peel color
had changed. The yellowness intensified until brown
patches appeared on day 9. In the control group, they
abruptly changed and became rotten in 9 days,
which could be attributed to the quick activity of the
enzymes that cause bananas to change color as well
as the influence of infections. On the other hand, the
NR/RS biocomposite foam packing gave steady
color changes. The impact of packing might be at-
tributed to the reduction of ethylene accumulation,
resulting in a delay in the ripening of bananas.

4. Conclusions

This study demonstrated straightforward and envi-
ronmentally friendly strategies to prepare natural
rubber latex (NR) foams with open pore structure by
introducing rice starch (RS) as a biofiller and apply-
ing the Dunlop method. The RS content had an effect
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on foam cell size, cell wall thickness and reduced the
number density of cells while increasing foam den-
sity. The incorporation of RS into the NR biocom-
posite foams relatively improved 100% modulus,
hardness, and compression force deflection (CFD).
At the same time, it diminished tensile strength,
elongation at break, and rebound resilience, suggest-
ing that the RS reduced the flexibility of the NR/RS
biocomposite foam. However, the biodegradability
was also improved by adding RS, as the starch pro-
vided nutrition to bacteria and fungi in the soil. Fi-
nally, the NR/RS biocomposite foam could be used
as green packaging that extends the shelf life of cli-
macteric fresh fruits because it reduces ethylene ac-
cumulation and improves the shelf life of bananas.
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