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Abstract

Starch-based foams can be used in packaging development to replace nonbiode-
gradable petrochemical plastics. However, starch-based materials possess poor
mechanical properties and low water resistance. These properties can be improved
by adding plasticizers and fillers to the bulk composition. In the present work, the
effect of rice husk ash content on physical, morphological, and mechanical proper-
ties of cassava starch-based foams produced by thermal expansion was investigated.
The composites were formed by mixing cassava starch, rice husk ash (content vary-
ing from 0 to 60%), water, and glycerol. The obtained dough was placed in a metal-
lic mold and then expanded in a thermohydraulic press machine. The addition of
20-50% of ash content improved thermal stability, density, and biodegradation of
starch-based foams and decreased water absorption capacity. Filled starch-based
foams also exhibited smaller pores in internal structure. Compared to foams without
ash filler, the addition of 20-40% ash increased the flexural tensile strength and the
addition of more than 50% dropped the mechanical resistance. Hence, based on the
results obtained, rice husk ash can be a great filler in biodegradable starch-based
foams.
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Introduction

Packaging is the visible excess of contemporary consumption, yet we need it to
keep the global economy running [1]. Since ancient times, humans have needed to
gather, collect, store, transport, and preserve goods [2]. The trade growth between
peoples, globalization, and technological inventions made our economies more
and more dependent on packaging [3, 4]. Even though packaging is fundamental
to our lives, excessive consumption, in addition to ineffective waste management,
and a constant use of nonbiodegradable materials allowed packages to become
one of the greatest environmental problems [1, 4].

The food industry is crucial to solve environmental problems considering that
food plastic containers are the most common trash left in nature, as reported by
Ocean Conservancy [5]. Great part of the containers is produced with expanded
polystyrene (EPS) foam, due to its high strength, low density, and low cost [6].
Expanded polystyrene (EPS) foams could be recycled, but they usually are not,
because incineration or landfill is more economically convenient [7]. Considering
that EPS foams have high biodegradation resistance, the food plastic containers
discarded in inappropriate places can remain in nature for several hundred years
until they degrade, damaging entire ecosystems and causing serious environmen-
tal pollution [8]. The environmental impact of packaging can be minimized using
bioplastics manufactured from renewable crops with biodegradable and/or com-
postable attributes to mitigate the use of petroleum-based plastics such as EPS [2,
91.

Starch is a biodegradable natural polymer, which offers several advantages
for plastics applications as a low-cost raw material. It is an abundant and annu-
ally renewable material obtained from a variety of plant sources, such as corn,
wheat, cassava, potato, and peas [3, 10, 11]. Starch-based foams can be produced
by many techniques, including extrusion or hot mold baking [12]. In both tech-
niques, gelatinization of the starch occurs, i.e., the native starch changes to ther-
moplastic starch [13, 14]. Although thermoplastic starch foams have consider-
able potential to act as eco-friendly materials for packaging design, they have two
main disadvantages compared to most petroleum-based plastics: low mechanical
resistance and high affinity for water [10].

To overcome these constraints, fillers can be added to the polymer matrix [10,
11, 15]. Researchers have mixed starch-based foams with agro-industrial resi-
dues as natural fibers (such as hemp, cotton, and cellulose fibers) [16], peanut
skin [17], sesame processing residue [18], grape stalks [19], rice husk [20] and
obtained great improvement in starch-based foams properties.

Rice processing generates two major residues: rice husk and rice husk ash [21,
22]. Rice husk ash is obtained by burning rice husk for energy generation in rice
processing companies. This residue has a porous structure with a high specific
area and high silica content (over 90%) [21-23]. Brazil is one of the greatest pro-
ducers and consumers of rice in the world [24]. Rio Grande do Sul is one of the
most prosperous Brazilian states producing more than 140 million tons of rice
husk ash yearly [25]. Currently, most ashes are discarded as waste without any
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reuse as feedstock, becoming a serious environmental issue [26]. Rice husk ash
can be used directly as reinforcement in polymeric materials due to the high sil-
ica content [25, 26]. Silica, the major component of rice husk ash, has a high
mechanical strength and great thermal stability [27]. Therefore, this work aims to
use rice husk ash as reinforcement in biodegradable cassava starch-based foams.
Also, the changes in mechanical, physical, and morphological foam properties
were evaluated.

Materials and methods

Native cassava starch (CS) (Fritz & Frida, Brazil) with 26% amylose content and
11% moisture, rice husk ash, glycerol, and water were used to develop biode-
gradable foams. Rice husk ash (RHA) with 93% silica content was supplied by
a local rice processing company in Rio Grande do Sul (Brazil). RHA was passed
through a 48-mesh sieve for better particle size uniformity (< 0.6 mm). Glycerol
(Dindmica Quimica Contemporanea, Brazil) acts as a plasticizer. Water acts both
as a plasticizer and blowing agent during the starch-based foam production [28].

Preparation of CS/RHA foams

The designed foams were prepared by mixing cassava starch, rice husk ash, water,
and glycerol at 70 °C in a thermostatic bath to obtain a uniform mixture and
starch gelatinization [29]. The RHA content varied from 0 to 60% on a solid base
(cassava starch +rice husk ash). The resulting dough was weighed and placed in
a metallic mold (100 mm X 25 mm X 3.5 mm) and then compressed at 180 °C and
2 tons in a thermohydraulic press (SL11/20E, Solab, Brasil) for 420 s. The mass
weight varied from 4 g (ORHA) to 8 g (60RHA), due to differences in sample
expansion.

The foams composition and their codes are shown in Table 1. The codes indi-
cate the weight percentage of RHA over the dry materials (RHA + CS).

Table 1 Composition of the CS/

RHA foams prepared by thermal Sample Composition
expansion CS (g) RHA (g) Water (mL) Glycerol (mL)
ORHA 25.0 0.0 13.3 2.0
20RHA 20.0 5.0 16.3 22
40RHA 15.0 10.0 19.3 2.3
S0RHA 12.5 12.5 21.0 2.4
60RHA 10.0 15.0 223 2.5
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Foam characterization
Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)

Cassava starch (CS), rice husk ash (RHA), and CS/RHA foams were dried at
105 °C overnight. The raw material chemical structure and foam chemical com-
position were evaluated by Fourier transform infrared using a spectrometer (Fron-
tier, Perkin-Elmer) in the wavenumber range of 4000-650 cm™!, with 32 scans at
4 cm™! resolution.

Thermal properties

Thermogravimetric analysis (TGA-50, Shimadzu, Japan) was performed to evalu-
ate the thermal properties of the rice husk ash (RHA), cassava starch (CS), and
the CS/RHA foams. Approximately 10 mg of samples was heated from O to
450 °C at a heating rate of 10 °C/min under a nitrogen atmosphere (50 mL/min).

Morphology

Cross-section and surface images of the foams were analyzed using a scanning
electron microscope (JSM-6060, JEOL, Japan) operating at a voltage acceleration
of 12 kV. The samples were placed on carbon tapes and gold metalized before
analysis.

Apparent density, moisture content, and mechanical properties

The apparent density of CS/RHA foams was determined by the ratio between the
apparent volume (thickness X width xlength) and dry sample mass. The measure-
ments were made in triplicate for each formulation.

The moisture content was determined by percentage of weight loss after drying
the foams in an oven at 105 °C for 24 h. The tests were made in triplicate for each
formulation.

Mechanical properties were evaluated by flexural tests according to ASTM D790-
02 [30] using a texture analyzer (Stable Micro Systems Ltd., GB) with a 50 N load
cell. The analyses were performed in compression mode, using speed of 2 mm s~!
and trigger force of 50 g for foams samples measuring 50 mm X 25 mm. The results
were obtained by averaging the measurements of at least five independent samples.

Water absorption capacity (WAC)
Water absorption capacity was evaluated using Cobb’s method [31]. Samples meas-

uring 2 cm X2 cm were weighed and placed in 100 mL of distilled water for 1, 15,
30, 45, and 60 min. Then, the samples were weighed again after removing excess
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water with a tissue paper, and the amount of absorbed water was calculated gravi-
metrically. The analysis was performed in triplicate for each formulation.

Biodegradability

The foams’ biodegradability was analyzed using a qualitative test accord-
ing to methodology employed by Engel and coworkers [19]. Glass containers
(20 cm x50 cmXx 6 cm) were completely filled with vegetable compost (soil), and
then, CS/RHA foams with different rice husk ash content were completely buried in
the soil (+3 cm deep). The containers were kept under aerobic conditions at room
temperature, and water was sprayed once a day in the soil to ensure the moisture of
the system during the experiment. Samples of each formulation were gathered every
7 days and photographed; the degradation was monitored by visual inspection only.

In order to simulate a real (no-ideal) situation, where the material is discarded in
a common landfill and not in an industrial composting system, this biodegradabil-
ity test was not performed using a rigid control of temperature, humidity, and soil
composition.

Statistical analysis
The results obtained for density, mechanical properties, and WAC were evaluated by

analysis of variance (ANOVA) and Tukey’s test (p <0.05) using Statistica software
13.0 (Statsoft, USA).
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Fig. 1 Infrared spectra of rice husk ash, cassava starch, and RHA/CS foams with different concentrations
of RHA
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Results
Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)

The infrared spectra of cassava starch (CS), rice husk ash (RHA), and CS/RHA
foams with different compositions are shown in Fig. 1. Based on the FTIR spec-
tra, it can be seen that the addition of rice husk ash did not change the chemical
structure of the polymer matrix. Therefore, the cassava starch-rice husk ash mix-
ture is only physical, and chemical bonds are not created between their structures.

The characteristic bands observed in cassava starch (CS) in the range of
700-1400 cm™! are not visible in CS/RHA foams spectra due to overlap with the
characteristic bands of rice husk ash (RHA). However, some differences could be
noticed since, in the range of 1000-900 cm™!, the FTIR curve of high ash con-
tent foam (60RHA) is more similar to RHA spectra than CS spectra. At the same
time, FTIR curve of ORHA is more similar to CS spectra, which was expected
since this sample does not contain RHA in composition.

As expected, RHA spectra does not show peaks in the 3400-3200 cm™! region,
attributed to O—H stretching bonds, while CS does. However, it could not be
observed a clear decrease in this peak with the increasing content of RHA, imply-
ing that water affinity does not depend simply on the foam composition. Except
for 40RHA, all the designed foams spectra showed a large band in this range,
related to the hydroxyl groups of starch and glycerol [29, 32, 33]. This band is
stronger for the ORHA sample, which can be explained by the higher content of
CS, since thermoplastic starch has great water affinity [10]. Although the 60RHA
has the lowest CS content, this band is larger in this sample spectra compared to
20RHA and 40RHA spectra. These results corroborate the results of morphologi-
cal and water absorption capacity analysis, since 60RHA samples showed a more
porous structure and, therefore, a higher water absorption capacity compared to
other filled samples.
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40RHA
§ 40
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20
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__ 20RHA
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T ORHA
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Fig.2 TGA curves of rice husk ash (RHA), cassava starch (CS) and starch-based foams without RHA
(ORHA) and with 20% (20RHA), 40% (40RHA), and 60% (60RHA) of RHA
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Thermal properties

The thermogravimetric profiles of rice husk ash (RHA), cassava starch (CS), and
foams (ORHA, 20RHA, 40RHA, 60RHA) are shown in Fig. 2. The compared
samples exhibited similar behavior, except for the RHA which, as expected, did
not show observable weight loss at the temperature range of 25-450 °C.

TGA curves for cassava starch and 60RHA, 40RHA, 20RHA, and ORHA
foams showed two stages of weight loss. The first one, at 100-200 °C, is associ-
ated with a partial disintegration of biopolymer and free water loss (a weight loss
of a maximum of 10%) [12, 26]. The second stage, between 250 and 320 °C, is
more substantial, and the samples undergo a weight loss of about 20-70%. This
last step is related to sample thermal degradation and plays a key role in defin-
ing the stability of RHA and CS/RHA composites. The higher the RHA content
in the samples, the less weight loss was observed, since the weight loss in that
temperature range is mostly related to CS thermal degradation. The amount of
residue for each sample is almost exactly the initial RHA content, but there is
also a small quantity of CS (about 15%) that still does not disintegrate at the tem-
perature of 450 °C. Higher temperatures would be necessary to complete degra-
dation of CS. The results found by Khalil [34] and Klapiszewski and his cowork-
ers [27] also indicated great thermal stability of silica derived from rice husk ash.
Shanks and Kong [13] also reported that starch-based foams filled with carbonate
calcium have higher thermal stability and less weight loss, compared to unfilled
starch-based foams.

The profiles of derivative thermogravimetry of RHA, CS, and foams are shown
in Fig. 3. The results exhibited very similar behavior and the RHA content appar-
ently did not have much influence on the beginning of foams degradation. This
was expected since the results of FTIR analysis (Sect. 3.1) showed that the mixture
between RHA and CS is only physical. Thus, RHA does not change the CS degrada-
tion profile and foams with less CS content degrade less, apparently, only because
there is a smaller quantity of mass that degrades at that temperature range.
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Fig.3 DTG curves of rice husk ash (RHA), cassava starch (CS), and starch-based foams without RHA
(ORHA) and with 20% (20RHA), 40% (40RHA), and 60% (60RHA) of RHA
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Additionally, Fig. 2 shows that unfilled foam, ORHA (thermoplastic starch) has
more significant weight loss than native starch. However, as shown in Fig. 3, the
degradation begins first for CS, compared to ORHA. Hence, the thermoplastic starch
seems to have higher thermal stability and the increase in weight loss is probably
related to glycerol and water evaporation. As reported by Li and Huneault [35],
foam thermal stability depends on the plasticizer’s volatility and the strength of the
interactions between the components.

Morphology

SEM micrographs and photographs of starch-based foams surface area with differ-
ent RHA content are shown in Fig. 4. All samples showed a uniform surface with-
out agglomeration, which indicated a homogeneous rice husk ash—cassava starch
mixture. Nevertheless, the higher the RHA content, the larger was the surface
irregularities.

The photographs showed an evident change in visual aspect of foams surface
comparing the unfilled foam (ORHA) with those with RHA (20RHA, 40RHA,
50RHA, and 60RHA). The unfilled foam is considerably more translucid and allows
viewing the structure pores, even the closed ones. The filled foams are opaque and
visually similar to each other.

Oliveira and coworkers [26] also observed an increase in irregularities, like frac-
tures and agglomeration of ashes, in starch/PBAT blends due to the addition of rice
husk ash as a filler. Other authors also reported that the incorporation of fillers, such
as peanut skin [17], grape stalks [19], and volant ashes [36] in starch-based foams
resulted in apparent cavities or cracks on foams surfaces, due to the poor adhesion
between the hydrophilic starch and the hydrophobic filler.

The cross-section micrographs and photographs are shown in Fig. 5. The images
do not show any relevant RHA aggregation, which indicates that the distribution of
RHA in the thermoplastic cassava starch was homogeneous.

The addition of rice husk ash changes the shape and size of composite pores.
The pores in filled samples are smaller than in unfilled (ORHA). Junior and cowork-
ers [37] also observed smaller pores in filled foams. According to them, the RHA
particles in the polymeric matrix act as nucleation sites promoting the formation of
a higher quantity of bubbles with smaller sizes. The pores size reduction due to the
rice husk ash addition can explain the rise in filled foams density (Sect. 3.4).

The structure of 20RHA 1is very similar to the unfilled sample (ORHA), except
for the size of the pores, which are reduced in the 20RHA foam. Comparing 20RHA
and 40RHA, or ORHA and 40RHA, there is a visible change in the internal structure
and a considerable reduction in pores sizes caused by an ineffective foam expansion.
In the S0RHA sample, large holes appear in the internal structure, and in 60RHA
samples occur the formation of interconnected open pores all over the foam exten-
sion. The increase in RHA content tends to reduce pores sizes. However, at higher
RHA content, the higher amount of filler could weaken matrix—filler interactions,
which increase filler agglomeration and defects in the composite internal structure,
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Fig.4 Surface area SEM micrographs and photographs of starch-based foams without RHA (ORHA) and
with 20% (20RHA), 40% (40RHA), 50% (S0RHA), and 60% (60RHA) of RHA
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Fig.5 Cross-section SEM micrographs and photographs of starch-based foams without RHA (ORHA)
and with 20% (20RHA), 40% (40RHA), 50% (S0RHA), and 60% (60RHA) of RHA
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Table2 Apparent density, moisture content, and flexural properties of the starch-based foams without
RHA (ORHA) and with 20% (20RHA), 40% (40RHA), 50% (SORHA), and 60% (60RHA) of RHA

Sample  Apparent Moisture content (%) Tensile strength Elongation  Young’s modulus
density (MPa) to break (%) (MPa)
(gem™)
ORHA  0.24+0.02° 9.8+0.2° 4.1+0.8%¢ 2.0+04° 246 +40°
20RHA 0.36+0.03° 7.6+0.3° 44070 2.0+0.4%  259+47%>¢
40RHA 047+0.03* 7.0+£0.3%° 5.0+0.5° 1.8+04° 349 + 547
50RHA 0.45+0.03* 6.3+0.1° 3.5+04° 1.3+0.3° 331+£99*°
60RHA 0.42+0.03" 7.5+0.5° 22404 1.1+03>  250+65>¢

Average + standard deviation. Different letters (a—e) denote significant difference (p <0.05) between aver-
ages obtained by Tukey’s test

as reported by Ismail and Zaaba [46]. Those defects in the internal structure could
explain the high water absorption obtained for 60RHA samples (Sect. 3.5).

Apparent density, moisture content, and mechanical properties

Table 2 shows the apparent density, moisture content, and flexural properties of the
cassava starch foams with different rice husk ash content.

The apparent density increases with the addition of rice husk ash and starts to
decrease very slightly after 40% RHA content. The foams apparent density is related
to components density, foam expansion effectiveness, and final porosity of the
composite [29]. The cassava starch has a pycnometric density varying from 1.24
to 1.51 g cm™3 (for a moisture content varying from 52 to 6%) [38], and the rice
husk ash density varies from 1.3 to 1.8 g cm™ depending on the burning conditions
[22, 39]. Therefore, the density of the compounds found cannot explain the observed
behavior. However, during foam production, native starch, in the presence of water
and temperature, is transformed into thermoplastic starch, which has a smaller den-
sity compared to native starch due to expansion and pore formation [40, 41]. In addi-
tion, the higher ashes content and, consequently, the smaller starch content induced
a less effective foam expansion, which led to a higher final composite apparent den-
sity. Very high RHA content could also create structural defects on foam’s inter-
nal structure, which could explain the reason why the apparent density seems to
decrease in SORHA and 60RHA. This behavior was similar to those found by other
researchers. Glenn and coworkers [6] reported a foam density increase of 102% add-
ing 22% of CaCO;. Soykeabkaew and coworkers [42] identified that the incorpora-
tion of 3% of talc produces an increase of 27% in starch-based foams density.

The moisture content found for the unfilled sample ORHA is similar to the 9.7%
quantified by Machado and coworkers for cassava starch-based foams [17] and to the
10.8% described by Salgado and coworkers for cassava starch-based foams incorpo-
rated with cellulose fibers [14]. The results in Table 2 show that as the RHA content
increases, the moisture content decreases until the amount of 50% RHA. The starch
is a hygroscopic material with relatively strong water—starch interaction, which
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makes a significant moisture amount to be absorbed into the unfilled foam (sample
ORHA). The high moisture content of starch samples was also reported by Li and
Huneault [35], Kaisangri and coworkers [43] and Soykeabkaew and coworkers [42].
The decline in moisture content caused by the addition of a filler in starch-based
foams was also commented on by other researchers [14, 17]. Particularly about rice
husk ash, it was expected that adding it to starch-based foams diminished the mois-
ture content since the =Si—O—Si= bounds, located on the silica surface, which is the
major component of RHA, are essentially hydrophobic [44]. Therefore, the increase
in the moisture content for sample 60RHA could be related to the large cavities and
defects found in its internal structure.

The highest tensile strength was obtained for the sample 40RHA. Compared
to the unfilled foam (sample ORHA), the tensile strength increases significantly
for the 40RHA sample and decreases for the 60RHA sample. When compared to
ORHA, the samples 20RHA, 40RHA, and SORHA did not change significantly
the tensile strength. The values found in this work are similar to those reported by
other researchers: 3.6 MPa for cassava starch-based foams filled with peanut skin
(24%) [17], 2.5 MPa for cassava starch-based foams incorporated with grape stalks
(18%) [19]. The elongation at break was statistically equivalent for samples ORHA,
20RHA, and 40RHA and decreased when the rice husk ash content was higher than
50%. Young’s modulus was highest for the 40RHA sample, compared to ORHA and
60RHA samples, and it was statistically equivalent to the values found for 20RHA
and SORHA samples. The behavior observed for elongation to break and for Young’s
modulus were very similar to those informed by other researchers that use different
fillers in starch-based foam development [16, 17, 19]. The decrease in mechanical
resistance for samples with high RHA content could be associated with poor interac-
tion between inorganic filler and organic matrix, since starch is hydrophilic and sil-
ica, main compound of RHA, is essentially hydrophobic [44]. Ismail and Zaaba [46]
also reported that high addition of silica amounts gives poor dispersion and poor
interaction between silica with starch. Hence, if interaction is poor and defects in
internal structure are formed, the mechanical properties would decrease, as observed
in Table 2. These results may indicate that there is a limit of around 40-50% of rice
husk ash incorporation on foams composition to not compromise their mechanical
resistance.

Water absorption capacity (WAC)

Figure 6 shows the results of the WAC analysis. The presence of rice husk ash influ-
ences foams’ water absorption capacity. Compared to sample ORHA, the rice husk
ash (RHA) addition, in foams with the RHA/CS ratio under 1 (samples 20RHA,
40RHA, and 50RHA), lowered water absorption capacity by circa 50%. The values
of water absorption capacity at 1, 45, and 60 min measured for ORHA (unfilled)
and 60RHA samples were statistically equal. At 30 min, the WAC of 60RHA sam-
ple was even higher than the WAC of the unfilled sample, ORHA. Different from
the other filled samples (20RHA, 40RHA, and SORHA), the 60RHA sample has an
interconnected open pores structure, as shown in Fig. 5, which can benefit water
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Fig.6 Water absorption capacity of the designed foams without RHA (ORHA) and with 20% (20RHA),
40% (40RHA), 50% (SORHA), and 60% (60RHA) of RHA at 1, 15, 30, 45, and 60 min. Average + stand-
ard deviation. Different lower letters (a—d) at the same time denote significant difference (p <0.05)
between averages, based on RHA content (obtained by Tukey’s test). Different upper letters (A-D) at the
same RHA content denote significant difference (p <0.05) between averages, based on time (obtained by
Tukey’s test)

entrance into the foam structure. Among the other filled samples (20RHA, 40RHA,
and S0RHA), there are no significant changes in WAC at the selected times of analy-
sis. The hydrophobic behavior of the designed foams with 20, 40, and 50% RHA
could be explained by the presence of small close pores in these foams structure, as
shown in Fig. 5, and the low water affinity of silica present in the RHA [44].

The decrease in WAC due to the filler incorporation in polymeric matrices was
also obtained by other researchers. Kumar and coworkers [45] observed a lower
water absorption in polyester-based sheet molding compounds (SMC) filled with
rice husk ash. Ismael and Zaaba [46] notified that the water absorption capacity of
starch/PVA films was reduced by 70%, when 5% of silica was added.

The water absorption capacity showed a statistically significant increase from 1 to
60 min for all studied compositions. This indicated that a longer time should be nec-
essary to reach the water absorption limit, if there is one. However, at 60 min, some
samples started to disintegrate in water, which would negatively affect the analysis
performance.

Biodegradation
The photographs of buried samples for biodegradability analysis are shown in
Fig. 7. The foams with different RHA content were buried for a maximum period of

nine weeks. On weeks 5 and 7, there was no sample gathering because the access to
research laboratories was not allowed as a result of COVID-19 restrictions.
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Fig.7 Photographs of buried Week
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Depending on the rice husk ash content, the biodegradation process occurred in
distinct ways. Although the unfilled foam (sample ORHA) is having its dimensions
reduced with time, the foam structure remained consistent. This behavior was also
observed by Engel and coworkers [19] when starch-based foams were buried in soil.
The filled foams (20RHA, 40RHA, S0RHA, and 60RHA) broke into smaller pieces
over time. The distinct behaviors became explicit in the 3rd week. As sample ORHA
has half the original thickness, the samples 20RHA, 40RHA, SORHA, and 60RHA
continue practically intact but much more brittle than at the beginning.

These differences could be explained by the divergent degradation mechanisms of
organic and inorganic materials. The starch is consumed by the microorganisms and
the organic carbon in it is transformed in inorganic carbon [47]. Inorganic materials,
like rice husk ash, are not consumed by microorganisms, but their presence does
not inhibit microbial activity. The filled foams degradation process occurs when
the organic matrix is attacked by microorganisms, which deteriorate the interface
between starch and RHA, breaking down the samples into small pieces. After that,
chemical changes in the soil accelerate the ash compounds diffusion [48]. When
degraded, ash acts as a soil fertilizer and provides important minerals to improve
soil quality, such as phosphorus and amorphous silica [48].
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From the 4th week of analysis, cracks began to appear on the surface of the
samples and some of them also show fractures in their structure. The higher the
RHA content, the more visible was the foams degradation. The ORHA and 20RHA
samples maintained their foam shape while becoming thinner and dimensionally
smaller, and the sample 60RHA was the more fragile among the analyzed foams.
In the 6th week of analysis, it became difficult to collect the samples, because
even the samples that seems to be intact broke into many pieces if any pressure
was applied to them. The fragility of high RHA samples is likely related to the
voids left in the foam structure as the starch is consumed by microorganisms.

It is important to emphasize that biodegradability does not depend only on the
polymer chemical composition, but also on the presence of microorganisms, the
quantity of water and oxygen available, the temperature, and the chemical compo-
sition of the ambient [47]. Temperature is an essential factor for the biodegrada-
tion process, as both hydrolysis rate and microbial activity increase with increas-
ing temperature [49]. Precisely for polymers biodegradation, the conditions of
high temperature and high humidity, as well as the enzymatic activity of microor-
ganisms, are the main factors responsible for the shortening and weakening of the
polymer chains [50].

The biodegradation test was not performed with rigid control of moisture and
temperature, which could have influenced the results obtained here. The experi-
ment was carried out in July, August, and September of 2021 with an average
temperature of 15.5 °C ranging from 4 to 35 °C in Porto Alegre. The average rela-
tive humidity for the period was 78%, ranging from 29.1 to 100%. The expressive
thermal amplitude and the predominance of low temperatures may have impaired
the foam biodegradation process. Probably, in an ideal composting system, with
well-defined temperature and humidity, the biodegradation of the sample would
occur in shorter periods. Also, according to the ASTM D6400-0439 [51], the
maximum decomposition time to define a material as biodegradable is 180 days.
Thus, the test was effective in proving that the foams designed can be defined as
biodegradable, as they disintegrate in soil in a much shorter time than the maxi-
mum limit, even with no ideal temperature and humidity conditions.

Conclusion

Rice husk ash has great potential for application as a filler in cassava starch-based
foams. The chemical structure of designed foams was not affected by the addi-
tion of rice husk ash. Nonetheless, filled foams showed apparent density, thermal
stability, water resistance, and biodegradation rate higher than the unfilled one.
The addition of 20-40% ash increased the flexural tensile strength and Young’s
Modulus compared to unfilled foams. Concerning possible applications for the
designed foams, the purpose is the production of food packaging, like trays and
containers, plant tube stocks, or even housewares such as cup holders.
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