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ABSTRACT: The search for sustainable alternatives to expanded polystyrene (EPS) has led to the development of
starch-based foams reinforced with agro-industrial by-product. This study aimed to evaluate the effect of sugarcane
bagasse ash (SBA) content on the physical, mechanical, and water-interaction properties of cassava starch foam trays,
and to determine the maximum feasible ash content that could be incorporated. Sugarcane bagasse ash was collected
from the boiler air preheater. Foam trays were prepared by thermopressing using cassava starch, guar gum, magnesium
stearate, glycerol, and SBA at 0%, 2%, 5%, 8%, and 11%. The trays were characterized in terms of their thickness, apparent
density, moisture content, water solubility, water absorption, surface wettability, mechanical properties, color, chemical
structure, morphology, and thermal stability. The results show that increasing the SBA content from 0% to 11% reduced
both water solubility (from 11.39% to 8.81%) and water absorption after 240 min (from 1199.38% to 799.45%). Adding
11% SBA significantly increased the contact angle (from 45.80° with 2% SBA to 70.20°), indicating enhanced surface
hydrophobicity of the foam tray. However, the mechanical properties decreased with higher ash content: the tensile
strength dropped from 2.06 MPa (2% SBA) to 0.62 MPa (11% SBA) and the Young’s modulus decreased from 354.32 to
112.90 MPa. The trays became progressively darker (L* decreased from 70.06 to 22.79) as the ash content increased. SBA
proved to be a promising agro-industrial residue for producing sustainable starch composite foam trays, as it effectively
improved water resistance and thermal stability. While the mechanical strength decreased with higher ash loadings,
the 5% formulation offered the optimal balance of hydrophobicity and processability, demonstrating its potential as a
bio-based alternative to EPS trays.
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1 Introduction

Expanded polystyrene (EPS), commercially known as Styrofoam, is an ultra-low-density material
composed of approximately 95% to 98% air. Due to its light weight, low cost, and high thermal insulation
capacity, EPS is widely used in food packaging, such as trays and fast-food containers, which help maintain
food temperature [1]. Despite these functional advantages, EPS presents serious environmental limitations,
since it is petroleum-derived and its recycling is economically unfeasible. This is mainly due to its low specific
weight, which makes transportation costly, and its large volume, which hinders storage and reprocessing [2].

In this context, there is a growing interest in alternative and more sustainable materials, particularly
those derived from biopolymers and agro-industrial residues. Among these alternatives, starch-based pack-
aging stands out as one of the most widely studied solutions for sustainable material applications. Between
2013 and 2018, starch accounted for 17.84% of all polymer mentions, and between 2019 and 2024 it accounted
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for 15.48%. This confirms its ongoing importance in the development of biodegradable materials [3]. Cassava,
potato, and corn starch are the most commonly used to produce biodegradable foam trays. However, its
hydrophilic characteristic limits its practical applications [4-6].

To overcome these drawbacks, starch is commonly combined with other additives to produce foam
trays, including derivatives of agro-industrial by-product, to enhance its strength and improve its water resis-
tance [3,7]. Among the agro-industrial by-products researched in foam tray production can be mentioned
malt bagasse, orange bagasse, corn husks, potato peels, and mango integuments [8-10]. Using these residues
reduces production costs and increases the value of discarded materials. It also improves the properties of
the resulting composites, particularly their water resistance. This contributes to the circular economy and
reduces the environmental impact of traditional packaging [3,9].

The sugarcane processing industry seeks to fully utilize biomass by transforming residues into value-
added products, enhancing sustainability. For example, blackstrap and other low grades of cane molasses
(syrup remaining after sugar is crystallized out of cane), initially considered waste or a by-product, are now
used for ethanol fermentation, with ethanol regarded as a co-product rather than a by-product, while the
remaining vinasse is reused as fertilizer [11]. Another important by-product is sugarcane bagasse, widely used
as a renewable biofuel for steam and energy generation. Combustion of bagasse produces sugarcane bagasse
ash, a grayish residue rich in carbon and minerals such as calcium, potassium, and silicon. This residue has
traditionally been used as an eco-friendly soil amendment or concrete additive. However, its potential for
producing starch-based composite foam trays has not yet been studied [12].

Despite extensive research into starch-based composites reinforced with various agro-industrial
residues, no study has yet examined the use of sugarcane bagasse ash (SBA) as a filler in foam trays. The
influence of SBA content on the physical, mechanical, water-interaction, thermal and structural properties
of cassava starch foam trays is particularly unknown [3,10,13]. This study aims to systematically evaluate the
effect of incorporating sugarcane bagasse ash (SBA) at concentrations of 0-11% by mass on the physical,
chemical, and thermal properties of starch-based foam trays produced by thermopressing. The main
advantage of this approach is that it makes use of a by-product of the Brazilian sugar and alcohol industry that
is not currently used, thus contributing to the principles of the circular economy. However, it is important
to emphasize that the findings at this stage are limited to laboratory-scale production. Further studies are
required to assess scalability and industrial applicability.

2 Materials and Methods
2.1 Materials

Sugarcane bagasse ash (collected from the boiler air preheater) was obtained from the combustion
process at Tereos Agucar e Energia Brasil—Andrade Unit (Pitangueiras, Sio Paulo, Brazil). The material
was ground in a domestic blender (R12244, Philips Walita, Brazil) for approximately 2 min or until a fine
and homogeneous powder was obtained, and then sieved through a 35- and 45-mesh (Bertel, Brazil) to
standardize particle size. The fraction that passed through the 45-mesh sieve was collected, stored, and
subsequently used in the preparation of the trays.

Glycerol (99.5%), ethanol (99.8%), and magnesium stearate (99.8% were purchased from Dinamica
(Brazil). Guar gum and cassava starch, with a purity of 88.0% and a moisture content of 10.5%, were
acquired from Ingredients Online (Brazil). The release agent, composed of edible vegetable oil, polyglycerol
polyricinoleate, and water, was purchased from Rff Alimentos (Brazil).
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2.2 Tray Preparation

The trays were prepared using a basic formulation consisting of 1 g of guar gum, 3 g of magnesium
stearate, 7.5 g of glycerol, and 100 g of a starch-ash mixture. Four formulations were prepared with different
ash-to-starch mass ratios: 0:100 (Control), 2:98, 5:95, 8:92, and 11:89, corresponding to trays referred to as 2%,
5%, 8%, and 11%, respectively. Preliminary tests showed that the porous, carbonaceous structure of sugarcane
bagasse ash gives it a low bulk density. Therefore, an ash content of more than 11% (by mass) resulted
in an excessive volume fraction, compromising dough cohesion and preventing uniform tray formation
under thermopressing conditions. Thus, the selected levels (2%, 5%, 8%, and 11%) were defined to cover a
progressive range, from a minimal addition to the maximum feasible incorporation.

The mixture was homogenized using a planetary mixer (PHP 500, Philco, Brazil), while deionized water
was gradually added until a homogeneous and workable dough was obtained, requiring 90 g of deionized
water. This amount was standardized for all formulations. Mixing was performed for about 10 min, with brief
interruptions for manual stirring to ensure uniformity. Subsequently, 140 g of the dough were evenly spread
in a Teflon mold (27 cm x 20 cm x 25 mm) and pressed in a hydraulic thermo-press (PHB200-P4201, Jomaq,
Brazil) at 140°C and 80 bar for 4 min. The mold was previously prepared with a thin layer of release agent.
The trays were then removed from the mold, cooled to room temperature, and conditioned at 25°C and 58%
relative humidity for 48 h prior to characterization (Fig. 1) [14].

Preparation of the trays

Mixing Homogenization Thermopressing Trays

+ 7
5

Ed Magnesium stearate, Guar % ar, & minutes

gum, and Water

Figure 1: Preparation of the trays at different stages.

2.3 Thickness and Apparent Density of Foam Tray

The thickness of the trays was measured using a digital sheet metal micrometer (ZAAS Precision, Brazil).
Measurements were taken at a minimum of 20 randomly selected points across the surface of each tray to
ensure representativeness. The apparent density (g/cm’) was calculated based on the average thickness, a
known tray area (100 mm x 25 mm), and the corresponding mass. Reported values represent the mean of at
least six independent determinations [15].

2.4 Mechanical Properties of Foam Tray

Tensile and puncture tests were performed to evaluate the mechanical properties of the foam trays.
Elongation at break, tensile strength, and Young’s modulus were determined using a Texture Analyzer
(TA.XT Plus, TA Instruments, USA). Tensile tests were carried out on foam tray strips measuring 100 mm
x 6 mm, with an initial grip separation of 80 mm and a crosshead speed of 2 mm/s. The procedure followed
ASTM D882-12, as adapted and described by Mello and Mali (2012) [16]. Puncture tests were performed using
25 mm x 25 mm foam tray specimens. A spherical probe (P/5S) was applied at a constant speed of 2 mm/s
until sample rupture. The maximum puncture force, distance to break, and puncture force per thickness were
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calculated according to the method described by Aguilar et al. (2025) [15]. All measurements were performed
on at least six replicates for each tray formulation.

2.5 Moisture and Solubility in Water

The moisture content was assessed based on the ASTM D644-99 procedure, with minor adjust-
ments [17]. Around 2.00 g of small foam tray fragments were placed in pre-dried and pre-weighed Petri dishes
and oven-dried (Q314M, QUIMIS, Brazil) at 105°C for 24 h, until a constant mass was achieved. Following
drying, the samples were cooled in a desiccator to room temperature to avoid moisture uptake before being
reweighed. The moisture percentage was determined from the difference between the initial and final sample
weights [4].

The water solubility of the trays was analyzed according to the method of Gontard et al. (1992), with
modifications [18]. Specimens (12.5 mm x 50 mm) were weighed and immersed in 100 mL of deionized water
at 25°C under constant stirring (200 rpm) for 24 h using a shaker (SL222, SOLAB, Brazil). The remaining
insoluble portion was collected by filtration, oven-dried at 105°C to constant weight, and weighed. Solubility
was calculated as the proportion of dissolved dry matter relative to the original dry mass of the sample.
Triplicate measurements were performed for each tray formulation to ensure reproducibility.

2.6 Water Absorption and Wettability

The water absorption of the trays was determined according to the adapted method from Vercelheze
etal. (2012) [19]. Foam tray samples measuring 25 mm x 50 mm were weighed and then immersed in distilled
water at 25 + 1°C for 5, 10, 30, 60, and 240 min. At each predetermined time, the samples were carefully
removed, and excess surface water was gently blotted with absorbent paper before reweighing. The water
absorption was calculated as the difference between the wet and initial dry masses, expressed as the mass of
absorbed water per unit of the original sample mass. All measurements were performed in quintuplicate.

The wettability of the foam trays was assessed by measuring the water contact angle using a goniometer
(OCA-20, Dataphysics, Germany). Measurements were performed under ambient temperature and pressure,
and images were recorded over a 1-min period. The contact angle, expressed in degrees, represents the angle
formed between the tangent to the water droplet and the tray surface. Lower contact angles indicate higher
surface hydrophilicity, whereas larger angles are associated with more hydrophobic characteristics [15].

2.7 Morphology by Scanning Electron Microscopy (SEM) and Thermogravimetric Analysis

The morphology of the ash and foam trays was examined using Scanning Electron Microscope (EVO-50
model, ZEISS, Germany). Before imaging, each sample was coated with a thin layer of gold using a sputter
coater (SCD 050, Bal-Tec, Liechtenstein) to improve surface conductivity. Micrographs were obtained at
an accelerating voltage of 20 kV. This analysis aimed to observe the surface microstructure and fracture
characteristics of the samples, providing insights into the material’s homogeneity and interaction between
components. Energy-Dispersive X-ray Spectroscopy was employed to determine the elemental composition
of the ash samples, enabling the identification and semi-quantitative quantification of major elements
present. The thermal behavior of the ash and foam trays was evaluated using a thermogravimetric analyzer
(TGA-Q500, TA Instruments, USA). Approximately 10 mg of each sample was placed in a platinum pan
and heated from 10°C to 700°C at a constant rate of 10°C/min under a nitrogen atmosphere. The mass loss
was continuously monitored as a function of temperature to assess the thermal stability and decomposition
profile of the materials [15].
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2.8 Color

The optical properties of the ash and foam trays were evaluated using a portable colorimeter (MiniScan
XE, HunterLab, Reston, VA, USA). The CIELAB color coordinates (L*, a*, and b*) and the total color
difference (AE*) of the foam trays were determined. The AE* values were calculated with reference to a white
standard background (L* = 93.49, a* = 0.77, b* = 1.40).

2.9 Fourier-Transform Infrared Spectroscopy (FTIR)

Initially, the film samples were conditioned over silica gel for a minimum of seven days. Infrared spectra
were then collected using a FTIR spectrophotometer (Perkin Elmer, Spectrum One model, USA) equipped

with an ATR accessory. Each spectrum was recorded with 20 scans at a resolution of 4 cm™

, covering the
range from 550 to 4000 cm™'. The resulting spectra were processed using SpectraGryph software (version

1.2). FTIR measurements were carried out with one replicate per sample.

2.10 Statistical Analysis

Statistical analyses were performed using the Statistica 7.0 software package (StatSoft”, USA). Analysis
of variance (ANOVA) was conducted at a 95% confidence level to assess differences among the foam tray
formulations. When significant effects were observed, Tukey’s post-hoc test was applied to compare mean
values, considering a significance threshold of p < 0.05.

3 Results and Discussion
3.1 SEM and EDS of Ash

The semiquantitative elemental composition of ashes determined by Energy-Dispersive X-ray Spec-
troscopy (EDS) revealed that the ash was mainly composed of carbon (74.76%) and oxygen (13.05%). This
predominance of carbon suggests the presence of unburned organic matter or charcoal residues, rather
than a purely inorganic composition. This high carbon content gives the ash a predominantly organic—
carbonaceous character, which influences properties such as color, hydrophobicity, and interaction with the
starch matrix. Among the inorganic elements, silicon (Si) shows the highest concentration (1.892%), being a
common component in agricultural biomass ash, often in the form of amorphous or crystalline silica. Other
metallic elements in smaller amounts, such as potassium (K—0.625%), calcium (Ca—0.166%), magnesium
(Mg—0.322%), and aluminum (Al—0.339%), are typical of plant ashes and can act as property modifiers,
influencing thermal stability, color during burning, and rheological behavior during processing. Phosphorus
(P—0.131%) and sulfur (S—0.120%) were present in low concentrations. Sugarcane bagasse ash typically
contains silicon, aluminum, iron, calcium, magnesium, and potassium oxides (SiO,, ALO;, Fe,O;, CaO,
MgO, and K, O) as the main inorganic constituents. Nonetheless, the relative proportions of these oxides may
vary considerably depending on factors such as crop variety, cultivation practices, combustion conditions,
and geographical origin [20,21].
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The SEM analysis revealed the presence of fibrous structures that were not completely decomposed
during the combustion process in the boiler (Fig. 2). Particles with a broad size distribution were observed,
ranging from approximately 450 um to less than 5 um. The ash exhibits remnants of partially carbonized
sugarcane bagasse fibers, indicating incomplete thermal degradation [22].

Figure 2: Scanning electron microscopy images of sugarcane bagasse ash (50x, 500x, 1000x).

3.2 SEM of Foam Trays

The cross-section micrographs reveal a “sandwich-type” structure. The surface layer exhibited smaller
and more compact pores, while the inner region presented larger and more irregular voids (Fig. 3A,B). This
gradient in porosity indicates a denser outer layer and a lighter internal core, consistent with the typical
behavior of foamed starch-based materials. The formation of a thinner and more compact surface layer
than that reported by other authors suggests differences in drying kinetics and bubble stabilization during
processing [15,23,24]. This phenomenon is strongly influenced by factors such as ambient humidity, water
activity, vapor pressure, and matrix mobility along the transition from the tray surface to its core [15]. The
surfaces of the trays (Fig. 3C) exhibited a more irregular and less defined structure, a characteristic that may
be attributed to the application of the release agent during the molding process.
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Figure 3: SEM micrographs of fracture cross-sections (A: 100x, B: 500x) and surfaces (C: 500x) of trays formulated
with 0% (Control), 2%, 5%, 8%, and 11% ash.

3.3 Moisture and Solubility

The moisture content values were in the range from 10.82% to 11.40% (Table 1). The Control tray exhib-
ited a moisture content of 11.27%, a value typical of starch-based matrices [14,24-26]. With the incorporation
of SBA, a gradual and progressive reduction in moisture was observed. Formulations containing 2%, 5%, and
8% SBA showed values close to the control (11.40%, 11.18% and 10.95%, respectively), with no statistically
significant differences. In contrast, sample 11% SBA presented significantly lower moisture content (10.82%).
This behavior can be attributed to the predominantly inorganic composition of the ash, which is rich in silica
and other mineral components with hydrophobic characteristics. Consequently, the partial replacement of
starch—a hydrophilic polysaccharide—by ash reduces the water retention capacity of the matrix, resulting
in materials with lower moisture content. This characteristic is advantageous for packaging applications, as
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lower moisture levels are associated with reduced susceptibility to microbial growth and premature material
degradation [27]. The moisture contents obtained in this study are consistent with values reported in the
literature for similar starch-based trays. For example, trays made from starch and turmeric extraction residue
showed a moisture content 0£10.4% [15], while those reinforced with Ceiba, coffee, and cocoa fibers presented
8.84% [24]. Similarly, trays incorporating sorghum by-products had 12% [28], and banana bunch stalks
coated with beeswax exhibited 9.08% [29].

Table 1: Moisture and solubility in water of trays containing 0% (Control), 2%, 5%, 8%, and 11% ash.

Tray Moisture (%) Solubility in Water (%)
0% 11.27 + 0.25% 11.39 + 0.70
2% 11.40 + 0.15° 11.08 + 0.65*
5% 11.18 + 0.042° 10.01 + 0.32%°
8% 10.95 + 0.08° 9.06 + 0.33"
11% 10.82 + 0.07° 8.81 + 0.29

Note: Different letters (*) indicate a significant difference between the means of the trays as revealed by Tukey’s test
(p <0.05).

A similar trend was observed for the solubility in water of the trays, with a progressive decrease as the
ash content increased. The control tray exhibited a solubility of 11.39%. Formulations containing 2% and 5%
SBA did not differ statistically from the control, with values of 11.08% and 10.01%, respectively. However, films
with 8% and 11% SBA showed significantly lower solubility (9.06% and 8.81%). This reduction can also be
directly related to the predominantly inorganic and hydrophobic nature of the ash, which limits the water—
matrix interaction. Comparable reductions in solubility were also reported in other studies, such as in trays
containing Ceiba, coffee, and cocoa fibers (from 35.02% to 28.23%) [24] and in corn starch composites with
banana bunch stalks (from 36% to 15%) [29].

3.4 Thickness and Density

A significant decrease in density and a corresponding increase in thickness were observed with the
progressive addition of ash to the tray formulations (Table 2). The 0% tray presented a thickness of 1.37 mm
and a density of 0.86 g/cm’. The tray containing 2% ash did not show a statistically significant difference
compared to the control (0%), whereas those containing 8% (2.10 mm) and 11% ash (2.45 mm) exhibited
the highest thickness values. This behavior can be attributed to the particulate and inorganic nature of the
ash, which, when incorporated into the starch matrix, alters the rheology of the mixture and possibly affects
compaction during the thermopressing process [30,31]. The ash particles act as fillers, increasing the overall
volume of the matrix and potentially reducing its compaction under the same pressure and temperature
conditions, resulting in progressively thicker trays. In contrast, the apparent density of the trays showed an
opposite trend, decreasing with increasing ash content. The formulations containing 0% and 2% ash exhibited
the highest density, with no statistically significant difference between them, while the 11% sample showed the
lowest density (0.59 g/cm?). This reduction in density, combined with the increase in thickness, suggests the
formation of a less compact internal structure. A comparable effect was observed for foams incorporating
orange bagasse (density: 0.21 to 0.12 g/cm’; thickness: 3.96 to 3.57 mm) and cornhusk residues (density: 0.21
t0 0.19 g/cm’; thickness: 3.96 to 3.51 mm). Cassava fiber-reinforced foams exhibited a pronounced reduction
in density from 1.87 to 0.84 g/cm’, highlighting the influence of fibrous reinforcement on the material’s

29 22

expansion behavior [8,32,33].
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Table 2: Thickness and density of trays containing 0% (Control), 2%, 5%, 8%, and 11% ash.

Tray Thickness (mm) Density (g/cm®)
0% 1.37 + 0.18° 0.86 + 0.03*
2% 1.25 + 0.08° 0.83 + 0.09*
5% 1.90 + 0.12° 0.70 + 0.05°
8% 2.10 + 0.36% 0.65 + 0.12°
11% 2.45 + 0,142 0.59 + 0.05

Note: Different letters (*"°) indicate a significant difference between the means of the trays as revealed by Tukey’s test
(p <0.05).

3.5 Water Absorption Capacity

The water absorption capacity of foam trays is presented in Table 3. In general, adding 11% ash was
found to be the most effective way of significantly reducing water absorbability. During the initial 5-min
immersion period, the trays containing 0% and 2% ash exhibited the highest absorption rates (59.56% and
56.66%, respectively), with no statistically significant difference between them. Meanwhile, the formulations
with higher ash content demonstrated reduced water absorption. As the immersion time increased from 10
to 60 min, the tray containing 2% ash exhibited a significant reduction in water absorption compared to the
0% formulation. This followed the same trend whereby the addition of ash promotes a decrease in absorption
of water.

Table 3: Water absorption capacity of trays containing 0% (Control), 2%, 5%, 8%, and 11% ash.

Water Absorption Capacity (%)

Time (min) 0% 2% 5% 8% 11%
5 59.56 + 1.74* 56.66 + 3.1° 4331+ 0.6° 41.88 +1.23" 43,51 +1.58°
10 85.27 + 2.07 78.73 + 4.6° 67.62 + 0.29 64.47 + 3.13° 66.45 + 0.73°
30 232.05 +18.0°  159.55+11.99°  146.27 +1.84°  143.98 +15.62° 139.13 + 5.18
60 524.75 +1755°  273.08 £ 24.05°  294.24 + 9.2 32812+ 224>  295.03 + 12.75°
240 1199.38 + 38.60°  913.55 + 46.94°  955.63 + 29.16>  928.92 + 46.06>  799.45 + 3.35°

Note: Different letters (*~°) indicate a significant difference between the means of the trays as revealed by Tukey’s test
(p < 0.05).

After 240 min (4 h) of testing, the absorption values reached high levels (>799%), as expected for starch-
based materials given their highly hydrophilic nature. After 240 min of immersion, the Control film absorbed
1199.38% of water. All SBA-containing formulations demonstrated significantly reduced water absorption
compared to the Control. The tray containing 11% ash had the lowest absorption value (799.45%), which
was significantly lower than those of the other trays. The ashes are rich in hydrophobic compounds, which
explains why water absorption reduces with increasing ash content. This effect can be attributed to the SBA
high carbon content (74.76%), which makes the composite surface more hydrophobic, as evidenced by the
increased contact angle at 11% SBA.

The SBA has a predominantly carbonaceous and mineral composition, which makes the composite
more hydrophobic and reduces its overall affinity for water. In addition, partially substituting the starch
matrix, which is rich in hydroxyl groups, with ash decreases the number of sites available for hydrogen
bonding with water molecules. Furthermore, the dispersed SBA particles may form physical barriers within
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the matrix, hindering water diffusion and restricting how far water can penetrate the internal structure of
the trays. Changes in the microstructure, such as reduced pore connectivity or an altered distribution of
pore sizes, may also be responsible for the observed decrease in water uptake [15,24,25]. Similar reductions
in water absorption capacity have been widely reported for starch-based foam trays reinforced with agro-
industrial residues. For example, cassava starch trays containing 6% Ceiba, coffee and cocoa fibres exhibited
a reduction in water absorption from around 750% to 460%, 450% and 550%, respectively after 25 min
of immersion [24]. Similarly, trays containing turmeric pigment extraction residue showed a significant
decrease in water absorption, dropping from 1233.5% (control) to 399.3% after 240 min with 30% residue [15].
Another study found that corn starch-based foam containers containing kimchi cabbage by-product had a
significantly lower water absorption capacity (81.42%-109.07%) than the control sample (127.56%) after 30
min of immersion [25]. These results consistently demonstrate that incorporating agro-industrial residues
reduces water absorption, primarily due to decreased matrix hydrophilicity and changes to the material’s
internal structure.

However, it is important to emphasize that a reduction in water absorption does not mean that the
material becomes fully hydrophobic. Although the SBA increases the surface hydrophobicity of the trays,
as confirmed by the contact angle measurements presented in the following section, they still exhibit high
water uptake due to their porous structure and the inherently hydrophilic nature of the starch-based matrix.
Therefore, water absorption is governed not only by surface wettability, but also by internal factors such as

2 22

porosity, pore connectivity and the presence of hydrophilic groups within the material itself [9,11,13,33].

3.6 Surface Wettability by Contact Angle

Fig. 4 shows the surface wettability behavior of the trays as determined by the contact angle mea-
surements. The Control tray exhibited a contact angle of 41.02°, while the tray containing 2% ash showed
a significantly higher value of 45.80°, indicating a moderately hydrophilic surface for both. This effect is
consistent with the hydrophobic nature of SBA. As the ash content increased to 5% and 8%, slight variations
were observed (47.95° and 47.33°, respectively); however, these differences were not statistically significant
when compared with the 2% tray. In contrast, the tray containing 11% ash showed a significant increase in
contact angle to 70.20°, indicating a moderately hydrophobic surface. This marked change in wettability
suggests a fundamental alteration in the surface microstructure, where ash particles—intrinsically hydropho-
bic due to their mineral composition—become more dominant on the material’s surface. Consequently,
the surface topography changes in a way that reduces wettability. The presence of silicon in the ash can be
associated with increased rigidity and a possible reduction in hydrophilicity, which corroborates the contact
angle results indicating greater hydrophobicity in formulations with higher ash content [21]. Although an
increase in contact angle indicates enhanced surface hydrophobicity, this parameter alone is not enough
to fully describe the material’s overall water resistance. Contact angle measurements capture interfacial
phenomena. In contrast, water absorption is governed by mass transport within the porous structure and
the hydrophilic nature of the polymer matrix. Therefore, substantial water uptake persists despite increased
surface hydrophobicity [9,11,13,33].
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Figure 4: Contact angle measurements of trays containing 0% (Control), 2%, 5%, 8%, and 11% ash. Different letters
(#7°) indicate a significant difference between the means of the trays as revealed by Tukey’s test (p < 0.05).

3.7 Mechanical Properties

Table 4 presents the mechanical properties of the trays produced. The tensile strength results showed
a general decreasing trend with increasing ash content. The Control tray exhibited a tensile strength of
2.02 MPa, similar to the formulations containing 2% (2.06 MPa) and 5% (2.57 MPa), with no statistically
significant difference between them. However, as the ash content increased, a progressive reduction was
observed, with the 11% formulation reaching only 0.62 MPa, representing a decrease of approximately 70%
compared to the Control. This progressive decrease can be attributed to the discontinuities introduced into
the polymeric matrix by the ash particles, which act as weak points in the structure.

Table 4: Mechanical properties of trays containing 0% (Control), 2%, 5%, 8%, and 11% ash.

T
Properties ray
0% 2% 5% 8% 11%
Tensile Strength Test
MTS (MPa) 2.02 034 2.06+112*2 257 +0.56® 1.04+ 020 0.62+0.28

Elongation at break (%)

1.20 £ 0.28 0.63+0.25* 118+0.27* 0.76 +0.23* 0.77 + 0.28

Young’s modulus (MPa)

322.30 + 354.32 + 263.33 + 225.65 +

112.9 + 18.43°
35.20° 25.40° 22.5° 12.47b¢ 91843

(Continued)
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Table 4 (continued)

T
Properties ray
0% 2% 5% 8% 11%
Puncture Test
24.04

MPF (N) 3738 + 1.46* 36.09 + 2.17 5 44bi 29.46 + 3.74% 31.90 + 1.37°
MDR (mm) 1.83+0.09° 1.37+0.11° 170+0.05> 1.68+0.04> 217 +0.14°
MPE/T (N/mm) 29.57 + 1.47% 28.78 + 0.84* 12.66 + 1.73® 14.01 + 1.87° 13.03 + 0.61°

Note: MTS: Maximum tensile strength; MPF: Maximum penetration force; MDR: Maximum penetration distance;
MPF/T: Maximum penetration force/Thickness (N/mm). Different letters (*"°) indicate a significant difference
between the means of the trays as revealed by Tukey’s test (p < 0.05).

Regarding elongation at break, no statistically significant differences were observed among the for-
mulations, with values ranging from 0.63% to 1.20%. This indicates that the incorporation of ash did
not substantially affect the extensibility of the material under tensile loading. However, when analyzing
the elongation in the puncture test, a distinct behavior was observed: the 11% ash formulation exhibited
significantly higher deformation (2.17 mm) compared to the others, especially the 2% formulation (1.37 mm).

The Control tray presented a modulus of 322.30 MPa, comparable to the 2% formulation (354.32 MPa),
with no significant difference between them. However, Young’s modulus showed a progressive and statisti-
cally significant reduction with increasing ash content, decreasing from 354.32 to 112.90 MPa between the 2%
and 11% formulations. This approximately 68% reduction in stiffness indicates that the incorporation of ash
makes the trays progressively more flexible and less rigid. This behavior was expected, as ash particles, being
predominantly inorganic, do not form a cohesive structure with the starch matrix, resulting in a material
with lower elastic resistance.

The puncture test results corroborate the trends observed in the tensile tests. The control tray exhibited
a maximum penetration force (MPF) of 37.38 N, statistically similar to the 2% formulation (36.09 N).
In contrast, formulations with higher ash contents showed significantly lower values, ranging from 24
to 32 N, indicating reduced resistance to penetration. When normalized by thickness, the same trend
observed for the maximum penetration force was maintained, with the control (29.57 N/mm) and the
2% formulation (28.78 N/mm) showing the highest values, without significant differences between them.
In contrast, formulations with higher ash contents exhibited significantly lower values (approximately
12-14 N/mm), confirming that the addition of ash above 2% markedly reduces the resistance of the trays
to puncture. These results confirm that the addition of ash above 2% significantly reduces the mechanical
resistance of the trays to penetration—a critical property for packaging applications that may be subjected
to such mechanical stresses during handling and transportation [34-36].

A similar reduction in mechanical performance with the incorporation of agro-industrial residues has
been reported. For example, trays reinforced with brewer’s malt bagasse showed a decrease in tensile strength
from 2.27 + 0.56 MPa to 0.85 + 0.14 MPa, accompanied by a drop in elongation at break from 1.64% to
0.59% [32]. Likewise, trays prepared with banana bunch stalk fibers exhibited a tensile strength decrease from
3.7 to 2.4 MPa, while elongation decreased from 5.5% to 3.5% [28]. Similarly, the incorporation of turmeric
pigment extraction residues resulted in a tensile strength reduction from 2.7 to 2.0 MPa, and elongation from
1.5% to 0.6% [15]. The incorporation of agro-industrial residues into starch-based matrices can significantly
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enhance hydrophobicity and barrier properties, mainly by reducing water-matrix interactions and altering
the surface characteristics of the material. However, this improvement may be accompanied by a decline
in mechanical performance, primarily due to weak interfacial adhesion between the continuous polymeric
phase and the dispersed inorganic or fibrous particles. This poor compatibility leads to the formation of
structural discontinuities and stress concentration points, which act as preferential sites for crack initiation
and propagation under mechanical loading [26,37]. As a result, the overall mechanical integrity of the
material is compromised. Therefore, careful optimization of residue content is essential to achieve an
appropriate balance between enhanced barrier functionality and the preservation of sufficient mechanical
strength for practical applications [8,9,38].

3.8 Color Parameters

Fig. 5 presents the CIELAB color parameters (L, a, and b*) and the total color difference (AE). The last
column also includes representative colors corresponding to each tray formulation and the ash sample. The
Control tray presented higher luminosity (L* = 70.07), confirming its lighter appearance compared to the
ash-containing trays. The tray containing 2% ash recorded an L* value of 31.49, whereas those with 5%, 8%,
and 11% ash showed values of 26.09, 22.85, and 22.79, respectively. This decrease is directly related to the
characteristic gray coloration of sugarcane bagasse ash, which presented an L* value of only 16.88. As the
proportion of this residue in the starch matrix increases, originally expected to yield a lighter material, a
gradual darkening of the trays occurs, resulting in visually more opaque products with lower reflectance.

Tray or SBA L* a* b* AE* Color

0% 70.06%0.15° -0.06%0.01> 2.90%0.142 23.4910.14°

2% 31.49%0.05" -0.24% 0.07> -0.04% 0.03" 62.05 * 0.09¢
5% 26.09%0.08° -0.13%0.16> -0.30%0.27" 67.42 * 0.32°
8% 22.85%0.12¢ -0.31%0.51> -0.0210.56" 70.66 * 0.76"

11% 22.7910.06¢ -0.3710.24> -0.35%0.20° 70.73 £ 0.31

SBA 16.8810.08° -0.3710.112 0.7410.45> 76.63 t 0.47°

Figure 5: Color parameters of trays containing 0% (Control), 2%, 5%, 8%, and 11% ash, as well as sugarcane bagasse
ash. Different letters (*¢) indicate a significant difference between the means of the trays as revealed by Tukey’s test
(p <0.05).
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For Control, the chromatic coordinates (a* = —0.06 and b* = 2.90) indicate a slightly yellowish and near-
neutral tone. Regarding the chromaticity coordinates for trays with SBA, a* values (green-red axis) remained
consistently negative across all formulations, ranging from —0.24 to —0.37, indicating a slight predominance
of greenish tones. Similarly, b* values (blue-yellow axis) were also predominantly negative or close to zero,
except for the pure ash, which presented a positive value of 0.74. This behavior suggests that the trays
tend toward neutral or slightly bluish-green hues, with a general trend toward darker shades closer to gray
or black.

For Control, the AE* value of 23.49 was significantly lower than those observed for the formulations
containing ash, indicating a smaller color deviation relative to the white reference standard. The color
difference (AE*) of the trays 2%, 5%, 8% and 11% exhibited very high AE* values, ranging from 62.05 for the
2% ash tray to 76.63 for the pure ash. These values indicate easily perceptible color differences, reflecting the
contrast between the light reference material and the darker, ash-containing trays.

A trend of increasing AE* was observed with higher ash proportions, from 62.05 (2%) to approximately
70-71 (8%-11%), reaching 76.63 for the bagasse ash itself. Lightness (L*) was the main parameter responsible
for this behavior, while the chromatic components (a* and b*) showed only small variations, without
statistically significant differences among the trays. Therefore, the darkening of the trays is the primary factor
contributing to the perceived color difference, with lightness being the dominant factor.

The chromaticity coordinates (a* and b*) remained close to zero for all formulations, indicating neutral
tones without significant tendencies toward red/green or yellow/blue regions. This neutrality classifies the
trays as achromatic materials, composed essentially of shades of gray, ranging from light to dark [39,40].
From an application standpoint, the grayish tone of the trays can represent a potential aesthetic advantage
depending on the target product. In packaging design, color is the most influential visual cue in consumer
perception, responsible for approximately 62% to 90% of purchasing decisions [40,41]. Neutral colors such
as black, white, and gray lack hue and saturation but convey a refined visual sensation, often associated with
elegance, sophistication, and minimalism [39,41]. Therefore, the darker tones of the trays produced with
higher ash content could be particularly suitable for packaging premium or natural products, where such
visual cues reinforce quality and sustainability perceptions.

3.9 Thermogravimetric Analysis

The thermogravimetric analysis (TGA) of the trays and ash is presented in Fig. 6. It can be observed
that the final residue after thermal decomposition was 11.12% for the sugarcane bagasse ash, while the trays
showed progressively higher values with increasing ash content: 0.42%, 0.92%, 2.17%, 2.82%, and 3.20% for
the formulations containing 0%, 2%, 5%, 8%, and 11% ash, respectively. The relatively low residual mass of
the ash after thermal decomposition indicates that the material is rich in unburned organic matter that was
not completely combusted in the boiler [42].
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Figure 6: Thermal stability evaluation by variation in mass and derivative of the mass over time of ash and trays
containing 0% (Control), 2%, 5%, 8%, and 11% SBA.

For the ash, two main decomposition events were observed: one between 45°C and 95°C, associated
with the loss of highly volatile compounds, and a second, broader one between 350°C and 550°C. The organic
fraction is primarily derived from the partial pyrolysis of cellulose, hemicellulose, and lignin components
that remain after burning. During heating, these compounds decompose and release a variety of organic
molecules, such as levoglucosan, acetone, hexane, hydroxyacetaldehyde, hydroxyactone, pyruvic aldehyde,
glyceraldehyde, 5-hydroxymethylfurfural, furfural, and 1,6-anhydro-p-glucofuranose [42,43]. These prod-
ucts are typical intermediates of biomass pyrolysis, and among them, some are more volatile, which may
explain the mass loss observed between 45°C and 95°C. Furthermore, it is noteworthy that this stage may
be associated with the release of surface and free water, a physical process known as the release stage of
shallow and free water. The subsequent event between 350°C and 550°C represents the complete breakdown

of the remaining cellulose, hemicellulose, lignin, and their derived compounds that persisted after the initial
combustion phase [42,44,45].
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The thermal degradation profile of the starch-ash composite trays exhibited three distinct stages of
mass loss, primarily associated with the decomposition of the starch-based matrix. The first event, occurring
between 80°C and 140°C, is attributed to the evaporation of free and physically adsorbed water within
the polymer network. The major mass loss occurred between 250°C and 350°C, corresponding to the
main thermal degradation of organic components, particularly the molecular scission of starch chains
and the decomposition of plasticizing glycerol [15]. A final, less pronounced event was detected at higher
temperatures (450°C-500°C), likely related to the oxidative decomposition of residual carbonaceous matter
and the breakdown of thermally stable degradation products formed during starch pyrolysis [46]. The
increase in SBA content had a direct influence on the thermal behavior of the trays, particularly with regard
to residual mass and stability at high temperatures. As the ash content increased from 0% to 11%, the amount
of final residue rose from 0.42% to 3.20%. Although the main degradation stages remained essentially
unchanged, indicating that SBA does not alter the fundamental thermal decomposition mechanism of the
starch matrix, its incorporation contributed to an increase in thermal resistance at elevated temperatures.
This effect is associated with the presence of mineral compounds (e.g., silica) and carbonaceous structures in
the ash, which are more resistant to thermal degradation [37,42]. Furthermore, the ash may act as a physical
barrier, limiting heat transfer and slowing the decomposition of the organic matrix at later stages [43].

3.10 Fourier-Transform Infrared Spectroscopy (FTIR)

Fig. 7 shows the FTIR spectra of the foam trays and the SBA. Foam trays incorporating SBA showed
spectra similar to the control tray. These trays exhibited a band in the 3200-3400 cm™ region, which
corresponds to the vibrational stretching of hydroxyl (-OH) groups [32,47]. This indicates the formation
of hydrogen bonds with the starch and other hydrophilic compounds present in the foam trays [32]. This
band was not observed in the SBA sample, suggesting that the material does not contain any O-H groups
and suggesting reduced availability of hydrophilic functional groups. The peaks at 2917 and 2850 cm ™ in the
starch-based foam tray and the SBA sample are assigned to the symmetric stretching vibration of methylene
(CH,), methyl (CH3) or aromatic methoxyl groups. These groups could be related to the presence of lipids
in the starch or lignin in the SBA sample. The band at around 1631 cm™ is only present in the foam trays and
corresponds to O-H bending. This may indicate the presence of adsorbed water [48], which demonstrates
the hydrophilic nature of these materials [32]. The region from 1200 to 800 cm™" is known as the starch
fingerprint region. The peak at 1151 cm™" is associated with C-O and C-C bonds, while the peak at 994 cm™
is associated with C-O-H bending [49]. Only the foam trays displayed a band at 607 cm ™!, which is indicative
of C-OH bending [48]. For the SBA, the band at 1459 cm™! may indicate a carbonate group [50], and the
band near 1049 cm ™! may suggest the presence of Si—-O-Si bonds [51]. The band at 678 cm™! can be attributed
to the Si-O bonds of quartz, and the peak at 501 cm™' may suggest the presence of AI-OH groups [52].
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Figure 7: FTIR spectra of ash and trays containing 0% (Control), 2%, 5%, 8%, and 11% SBA.

4 Conclusion

This study demonstrates that sugarcane bagasse ash—a by-product of burning sugarcane bagasse—
can be successfully incorporated into cassava starch to create composite foam trays that improved water
resistance, although the materials still exhibit high water absorption due to their porous structure and starch-
rich structure. It was also demonstrated that increasing SBA from 0% to 11% progressively reduced moisture
content (from 11.27% to 10.82%), water solubility (from 11.39% to 8.81%) and water absorption after 240 min
(from 1199.38% to 799.45%). Meanwhile, the contact angle increased from 45.80° to 70.20°, indicating
enhanced surface hydrophobicity. However, higher concentrations of SBA can disrupt the formation of the
foam matrix, resulting in a decrease in the mechanical resistance of the composite foam tray. The maximum
tensile strength dropped from 2.06 MPa (2% SBA) to 0.62 MPa (11% SBA), and Young’s modulus decreased
from 354.32 to 112.90 MPa. Therefore, the 5% SBA formulation offered the most balanced combination of
water resistance, mechanical strength and elongation at break. This highlights its potential as a sustainable
alternative to expanded polystyrene trays. Future studies should employ an experimental design and response
surface methodology tools to optimize the temperature, degassing time and water content conditions for
producing starch/SBA composite foam trays with improved mechanical and functional properties. The effect
of high concentrations of SBA (>11%) could also be evaluated under different temperature, degassing time
and water content conditions.
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Abbreviations
EPS Expanded polystyrene
SBA Sugarcane bagasse ash

SEM Scanning electron microscopy

EDS Energy-dispersive X-ray spectroscopy

TGA Thermogravimetric analysis

CIELAB Commission Internationale de I'Eclairage Lab* color space
AE* Total color difference

MTS Maximum tensile strength

MPF Maximum penetration force

MPF/T Maximum penetration force/Thickness

MDR Maximum penetration distance
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