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Abstract

Reducing plastic pollution and combating childhood anemia—which affects over 38.6% of Peruvian
children—require sustainable, nutrient-rich alternatives. This study developed iron-fortified edible trays
using potato peel starch (PPS), potato peel flour (PPF), and coffee pulp fiber (CPF), an agro-industrial
waste containing 44 to 57 mg kg™ of iron. Using an experimental design with 9 treatments and a control,
2 series were conducted using coarse (CPF-CT) and thin (CPF-TT) fiber. Physical (color, water
absorption, and density) and mechanical (tensile and compressive strength) properties were evaluated
via analysis of variance (ANOVA), Dunnett’s test, multiple linear regression, Pareto diagram, and
principal component analysis (PCA). PCA revealed a critical trade-off between mechanical strength and
impermeability, identifying an “optimal packing” zone at 10% CPF-TT, where fiber efficiently fills
matrix voids. Consequently, formulations with 2.5% CPF-CT and 7.5% CPF-TT were selected as
the most balanced candidates. These samples underwent subsequent Fourier-transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), and nutritional analysis. The formulation
containing 50 g PPS, 15 g PPF, and 7.5 g CPF-TT exhibited the highest iron bioaccessibility. These
results demonstrate the potential of coffee pulp-reinforced trays as a promising functional packaging
solution to address both environmental waste and public health challenges.
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INTRODUCTION

The growing environmental problem caused
by food containers has reached a critical level,
pushing governments to take strong action to
restrict their use (Rondon-Jara et al., 2020).
Producing food trays not only involves excessive
use of resources such as water, non-renewable
energy, chemicals, wood, and fiber (Elfaleh et al.,
2023) but also generates wastewater containing
toxic substances (Chen et al., 2021). Plastic waste
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also threatens marine life and birds (Mao et al.,
2020; Wang et al., 2020; Zhang et al., 2020).
To address this situation, the need for more
sustainable and ecological alternatives arises,
and it is here that biopolymers present themselves
as a viable option (Habibi et al., 2020).

Peru, with 6 million tons of production in
2022, a cultivated area of 340.9 thousand hectares,
and an average yield of 17.6 tons ha™, leads potato
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production in Latin America. Approximately 90%
of this production comes from the Peruvian
highlands, where native varieties of great
importance, such as the “Huevo de Indio” variety,
are preserved and cultivated (Ayala et al., 2025).

Coffee pulp represents 40% of the total weight
of the fruit; it is rich in iron, magnesium, zinc, and
other underutilized nutrients (Vallejos-Jiménez
et al., 2025). Additionally, agroindustrial residues
contain starch and fiber, making them a potential
source of raw material for the elaboration of
biodegradable trays through thermoforming.
Integrating coffee pulp-derived compounds,
specifically  caffeic acid, promotes the
microbiological stability of food packaging
through the inhibition of multidrug-resistant
pathogens such as Vibrio cholerae (Rawangkan
et al., 2022). Furthermore, these extracts exhibit
antimicrobial efficacy in preventing dental caries
(Bollamma et al., 2023).

Edible trays made from agro-industrial waste
are not only an environmentally friendly solution
to the large amount of waste, but could also
help combat childhood anemia. It is a significant
public health issue in Peru, where 38.6% of
children under 3 years old are anemic, mainly
due to insufficient iron intake (Tokumura and
Mejia, 2023). These edible trays can be obtained
through thermoforming, which allows for
the gelatinization of starch and the formation
of a foamy structure with good physical and
mechanical properties (Dybka-Stepien et al.,
2021). The addition of coffee pulp fiber and other
additives can lead to higher-quality trays (Cruz-
Tirado et al., 2020).

Rigid edible trays are an innovative and
sustainable alternative: they not only protect the
food they contain, but being edible, they can be
consumed along with it, thus reducing waste.
Recent studies have developed edible films with
antioxidant, antimicrobial, and anticancer
properties, allowing for a better shelf life of food
(Oliveira Filho and Egea, 2022). However, the
development of edible trays from agro-industrial
waste is still limited, and the impact of
incorporating fiber can be unfavorable for their
physical and mechanical properties, but it presents
significant potential for future innovations
(Mohareb and Mittal, 2007; Patel, 2019).

Starch is versatile for developing “green
packaging”; however, on its own, it presents
limitations in terms of mechanical properties and
hygroscopicity. The addition of lignocellulosic
waste (such as sugarcane bagasse, corn husks,
malt bagasse, and orange peel, among others)

improves mechanical and barrier properties,
producing packaging with greater rigidity and
accelerated biodegradability (Sampaio et al.,
2020; Quispe-Sanchez et al., 2025).

Based on this background, edible packaging
obtained from a mixture of starch and
lignocellulosic waste represents a significant
contribution with far-reaching implications for the
food industry, because it allows for 2 outcomes:
additional use of the packaging before its disposal
and the introduction of active substances with
nutraceutical applications (Leya et al., 2024).
However, insufficient information on machinery,
compositions, application techniques, and the
analysis of the physio-mechanical properties of
edible packaging could be complex, and further
research is needed (Devidas Meshram et al.,
2023). This study aimed to evaluate the
appropriate proportions of starch and fiber from
potato peel and coffee pulp to produce edible trays
fortified with iron. These trays possess convenient
mechanical properties and high bioaccessibility
to iron, thereby contributing to environmental
sustainability and improving children’s health in
Peru.

MATERIALS AND METHOD

Materials

Potato peel from the “Huevo de Indio” variety
was used in this study as a source of starch and
fiber. This variety is among the most commercial
native potato varieties from the Peruvian
highlands and grows between 2,800 and 4,000 m
above sea level, from the La Libertad to Junin
regions. It presents high starch content (22.15 to
23.03 g 100 g™), bioactive compounds such as
anthocyanins (4.88 to 17.49 mg cyanidin-3-
glucoside 100 g*) and phenolic compounds
(90.47 to 258.32 mg GAE 100 ¢%), and
antioxidant activity (77.23t0 179.47 umol TE 100
g™ dry weight) (Bardales et al., 2022). Coffee pulp
from the Catimor-Colombia variety was also
used, sampled between August and September
2020 in Lonya Grande, Amazonas (78°25°19.2”
W, 6°05°42” S), at altitudes between 1,400 and
1,600 m above sea level. It was used as a source
of fiber and iron.

Obtention of coffee pulp fiber (CPF)

Coffee cherries were pulped using a food-
grade surgical steel pulper. The pulp was then
immediately washed and placed in a previously
standardized solar tent dryer for 7 days. It was
then processed using an electric spice grinder
(GRT-20B), followed by Tyler sieves #20 and

Copyright © 2026 Universitas Sebelas Maret



Caraka Tani: Journal of Sustainable Agriculture, 41(2), 285-304, 2026 287

#200 (> 850 and < 75 um, respectively). The 2
flours obtained were labeled “Coarse” (#20-C;
CPF-CT) and “Thin” (#200-T; CPF-TT).

Extraction of potato peel starch (PPS)

About 20 kg of potato peel were washed
with tap water, then cut into 1 cm x 1 cm pieces.
Starch was extracted following a modified
protocol by Moustafa et al. (2021): the potato peel
square pieces were submerged in 1:1 tap water
and sodium bisulfite up to 0.075 g I?, then
homogenized using an industrial blender (Metal
Mecanica Agroindustria, Peru) at 3 g for 3
minutes, and filtered using a metal strainer and
a muslin cloth. All the filtrate water was then
decanted for 15 hours, and the starch obtained
was dried in an oven (UF55 Plus, Memmert,
Germany) for 48 hours at 40 °C. The resulting
dried starch was collected, ground, sieved (Tyler
#200), placed in a sealed 1 kg glass jar, and stored
in a dry place until further use.

Obtention of potato peel flour (PPF)

PPF was obtained following a modified
method by Akter et al. (2023): the residue from
the starch extraction was dried in an oven (UF55
Plus, Memmert, Germany) at 40 °C for 24 hours.

Coffee pulp

Solar drying

Sieving

It was then collected, ground to a fine powder
(Tyler #200), and kept in a 1 kg glass jar, then
stored in a dry place until further use.

Edible tray formulation and production

Edible trays were obtained from the following
3 ingredients: CPF, PPS, and PPF (Figure 1).
The experiment included 18 formulations and
a control, with constant temperature and pressure
parameters during the thermopressing (Cruz-
Tirado et al., 2020). Two particle sizes of CPF
were tested, thus obtaining 9 formulations (#200
T and #20 C) as shown in Table 1. Additionally,
1 ml of vanilla and 10 ml of water were added to
each formulation.

The edible trays were produced following
Cruz-Tirado et al. (2020). The homogenization
process was carried out in an industrial blender.
Then 60+2 g of the mixture was set in the center
of a Teflon cast (27 cm x 20 cm, 3.0 mm thick) in
the thermopress (RELES, Lima, Peru) at 150 °C
for 10 minutes under 60 bar. The tray was
unmolded while still hot and left to cool down
at room temperature (251 °C). The trays were
covered with aluminum foil and stored at room
temperature until further characterization.

Potato peel

Washing

Cutting

Filtered

v
Drying ] Decanted
v
Sieving ] Drying
Fiber Sieving
Starch

Thermoformed

Edible tray

Figure 1. Edible trays production flowchart
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Physicochemical characterization of starch
and fiber

Chemical analysis

Moisture, ash, protein, fat, and fiber of
the PPF were determined according to AOAC
(2019) methods. Total carbohydrate content was
calculated by subtracting moisture, ash, protein,
fat, and fiber from 100 (Collazos et al., 1996).

Swelling power and solubility

The swelling power and solubility of starch
were determined using 2% (w/v) starch
suspensions in triplicate, as described by Alvis
et al. (2008). The suspensions were treated for
30 minutes at 60, 70, 80, and 90 °C using a water
bath (Memmert, 2019). Each suspension was
centrifuged at 3,030 rpm for 30 minutes (Heraeus
Sepatech Labofuge 200, SpectraLab Scientific
Inc., Canada). Both pellets and supernatants
were weighed, then dried in an oven (Memmert)
at 50 °C for 2 days, and weighed again using
Equations 1 and 2, respectively.

Amylose and amylopectin determination

Amylose and amylopectin contents were
determined following Morrison and Laignelet
(1983), for the colorimetric determination of
amylose as its blue polyiodide complex.

Edible tray physicochemical characterization

Tensile and compression tests

Tensile and compression tests were performed
in triplicate following Bergel et al. (2018) with
modifications, using a texture analyzer (TA.HD
plus, Stable Micro system, Surrey, UK).
The tensile strength was assessed on 100 mm x
20 mm strips, with an initial gripping distance
of 15 mm, at a speed of 0.5 mm s™ using
the A/HDG probe. The compression test was
performed on 50 mm x 30 mm rectangular
samples, using a 100 kg load cell to which
a P/0.5S stainless steel spherical probe was fixed,
at a speed of 1 mm ™.

Colorimetry

The trays were tested for lightness (L*), a*,
b* and total difference in color (AE) using
a colorimeter (JZ-300, Kingwell Shenzhen Co.,
China) in quadruplicate. The AE was calculated
using Equation 3.

Thickness and density

The method used was as reported in Kahvand
and Fasihi (2020), with modifications. The tray
thickness was determined using a vernier caliper,
and the density (g cm™®) was calculated from the
mass (g) and volume (cm®) of each 100 mm x 25
mm strip, in triplicate.

Moisture and water absorption

Moisture  was determined using the
gravimetric method in an oven, as described by
Namphonsane et al. (2023). Water absorption was
determined by weighing a tray sample before
submersion in water (M1) and after submersion
at 251 °C for 30 seconds, then draining the
excess water for 5 minutes (M2) (Osorio Mora
et al., 2014). Equation 4 was used to calculate
water absorption.

Guillotine test
A cutting test was performed as described by
Bergel et al. (2018) with modifications, using

Table 1. Edible tray formulations

Treatment PPS PPF CPF Water (ml)
TO 65 0 0.0 50
Tl 60 5 2.5 50
T2 60 5 7.5 50
T3 60 5 10.0 50
T4 55 10 2.5 50
T5 55 10 7.5 50
T6 55 10 10.0 50
T7 50 15 2.5 50
T8 50 15 7.5 50
T9 50 15 10.0 50

Note: PPS = Potato peel starch; PPF = Potato peel
flour; CPF = Coffee pulp fiber

. g H,0 _ Pellet weight-Starch weight (1)
Swelling Power ( / . starch) Starch weight

. Dried supernatant weight )

lubility (%) = 100
Solubility (%) Starch weight *
AE = /(L-L®)2+(a-a%)2+(b-b*)? ?3)
Where, L*, a*, and b* are the values of the color parameters of the sample.
) ] M2-M1 (4)

Water absorption capacity (%) = %100
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Sample

Texture analyzer

Volodkevich probe (HDP/VB)

Sound emission
analyzer

Figure 2. Biting simulation test diagram

a texture analyzer (TA.HD Plus, Stable Micro
System, Surrey, UK) with a 5 kg load cell.
Firmness was determined on 50 mm x 50 mm
samples, at a speed of 1.5 mm s? using the
HDP/BSV probe and 50% deformation.

Biting simulation test

The biting simulation test was performed
following Olivera and Salvadori (2011), with
modifications, using a texture analyzer (TA.HD
Plus, Stable Micro System, Surrey, UK) and
a Voldkevich probe (HDP/VB) (Figure 2)
attached to a 50 N load cell. The test was
conducted on uniform samples measuring 1 mm x
4 mm, at a speed of 2 mm s™* and a depth of 2 mm.

Nutritional value of the tray

Moisture, protein, ash, fat, iron, and
carbohydrate were determined following AOAC
(2019).

Iron bioaccessibility test

This test was performed at the Centro Publico
de Investigacion CONACYT, Jalisco, Mexico.
Bioaccessibility refers to the proportion of
a substance that is released from the food matrix
and becomes potentially available for absorption
during digestion (Rodrigues et al., 2022). For this
test, digestions were performed in triplicate in
an artificial mouth, stomach, and small intestine.

Infrared spectrophotometry (FTIR)

The  wavenumber range on the
spectrophotometer  (IRPrestige-21, Shimadzu,
Kyoto, Japan) was set between 1,000 and 4,000
cm, to analyze samples measuring 2.5 mm x 2.5
mm x 0.25 mm (height x width x thickness).
A total of 32 reflectance scans per spectrum were
performed with a resolution of 4 cm™. The spectra
that were obtained with the ATR-FTIR accessory
were corrected and analyzed using OMNIC
Spectra Material Characterization Advanced
Analysis software (Thermo Scientific).

Scanning electron microscopy (SEM)

All analyses were performed on a SEM
(TESCAN, VEGA-3-LMU, Czech Republic).
All trays were kept at 25 °C and 60% relative
humidity before being prepared for observation of
their transversal section. The tray samples were
mounted in bronze stubs for viewing of the cross-
section. The surfaces were coated with gold to
a thickness of 40 to 50 nm. The acceleration
voltage was 20 kV for all samples.

Statistical analysis

The analysis of variance (ANOVA) was
performed using a completely randomized design
in MS-Excel. When the ANOVA was significant,
the Dunnett’s test was applied to compare the
samples to the control. Student’s t-tests were used
for the 2 final samples. Subsequently, a multiple
linear regression analysis was applied, using PPS,
PPF, and CPF as independent variables, and their
respective ANOVA were performed at the 0.05
significance level. A principal component
analysis (PCA) was also applied. These analyses
were performed separately for edible trays with
CPF-CT and CPF-TT. The software used included
MS Excel, Minitab 19, and Matlab.

RESULTS AND DISCUSSION

Characterization of the PPS

Ash content was 2.56+0.01%, similar to the
ash content reported for other vegetal starches
(Abera et al., 2019). Protein content varied around
1.21+0.01%, affecting viscosity and the ability to
form foam inside the tray (Martinez et al., 2022).
Fat content was 0.29+£0.02%. The carbohydrate
content was 95.73+0.02%, slightly lower than
that reported for similar plants. This value is
associated with the carbohydrate composition,
with a fiber content of 3.18+0.09% and an acidity
of 0.04+0.00% (expressed as % sulfuric acid per
100 g). Amylose and amylopectin contents were
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18.65+0.98% and 81.35+0.98%, respectively.
This proportion of amylose to amylopectin
contents indicates that PPS displays a higher
water-retention capacity and a smoother texture
for uses requiring good gelation and stability
(Khan et al., 2024).

In the CPF, the carbohydrate content was
56.62+1.74%, fiber 16.94+0.99%, protein
8.53+0.57%, fat 0.69+0.02%, and ash
7.61+0.09%. These values are consistent with
those reported by Duangjai et al. (2016).
Regarding the composition of PPF, an ash
content of 4.22+0.17%, protein 6.97+0.24%,
fat 1.77+0.08%, carbohydrates 76.17+1.04%,
fiber 1.51+0.03%, and a moisture content of
9.37+0.35% were obtained.

Solubility and swelling power

Solubility and swelling power values
(Figure 3) grew with temperature; at 90 °C,
the PPS displayed the highest swelling power
and solubility values: 27.56+0.41 g g* and
4.29+0.40%, respectively. This observation
suggests that swelling power and solubility in
water increase as temperature rises. The
relationship with temperature is more noticeable
with swelling power, whereas solubility increases
gradually (Lin et al., 2020). Starch solubility
is mainly associated with amylose dissolution in
water after heating, or gelation (Aguirre et al.,
2023).

Texture

When tensile strength was tested, C trays
(particle size #20) showed an indirect correlation
between tensile strength and CPF content
(Figure 4), which can be explained by the higher
fiber content (Charles et al., 2017). This relation
was not observed in T trays (particle size #200).

a) 6 .
) I Tensile test
[ Compression test

a

Tensile test (kg-f)
T
(3-3%) 153} worssaadwo)

=0
CT0O CTI CT2 CT3 CT4 CT5 CT6 CT7 CT8 C.T9

Treatments

The control treatment showed the highest tensile
strength value; when compared to the others,
CT4 and CT7 showed values similar to the
control. However, TT8 was similar to the control
treatment, but CT6 was much higher than the
control and considered an atypical value. Starch
content also directly correlated to the tension on
C treatments, due to higher starch incorporation
leading to more compact and homogenous
structures (Cruz-Tirado et al., 2017). During the
compression test (Table 3), the control showed
the highest value (3.37+0.41 kgf), which was
significantly superior to all other treatments
(C and T). In both C and T treatments, the
compression directly correlated to starch content.
On the other hand, compression showed
an indirect correlation with potato peel and CPF
contents. Treatments with high compression
values—such as 1.99+0.45 kgf (CT4) and
2.62+0.19 kgf (TT7)—are expected to better resist
physical damage, such as crushing.
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Figure 3. PPS swelling power and solubility
Note: Same columns with different indices are
significantly different (p > 0.05)
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Figure 4. Edible tray mechanical properties: a) CT: Tyler #20; b) TT: Tyler #200
Note: TO = Control. *® Different letters indicate a significant difference (Dunnett)
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Color

Color measurement is a key and widely used
parameter in the food industry for quality control
(Pandiselvam et al., 2023). The different
treatments had an impact on the final product
color (Figure 5). Starch content correlated directly
with L* and AE in both C and T treatments.
However, they correlated indirectly with a* and
b* (Figure 6). The white color of the starch may
have influenced the L* of the trays (Figure 6)
(Wrolstad and Smith, 2017).

Physical properties

The thickness of C treatment trays varied
between 2.22+0.01 and 2.62+0.02 mm, whereas

the thickness of T treatment trays varied between
2.10+0.01 and 3.12+0.15 mm (Figure 7).
A similar thickness range (2.57 to 2.60 mm)
was reported for trays made from oca starch,
sugarcane bagasse fiber, and asparagus peel
(Cruz-Tirado et al., 2017). Engel et al. (2021)
reported that trays produced from two cassava
residues and starch biocomposites were thicker
(2.90 to 3.30 mm).

Evidence showed that thickness directly
correlated with starch content but indirectly
correlated with potato peel and CPF contents.
C treatments showed a wider thickness range
than T treatments, due to larger particles and

Figure 5. Tray color: (a) TO, (b) CT2, (¢) TT3

a) 80 - 80
aa
23
60 4 60
b
b b
b
} b b2 bl
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Figure 6. Tray colorimetry properties. a) and b): TT = Tyler #200, c) and d): CT = Tyler #20
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Note: TO = Control. *® Different letters indicate a significant difference (Dunnett)
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Figure 7. Tray thickness and density. a) CT = Tyler #20; b) TT = Tyler #200
Note: TO = Control. ° Different letters indicate a significant difference (Dunnett)
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Figure 8. Tray moisture and water absorption. a) CT = Tyler #20; b) TT = Tyler #200
Note: TO = Control. ° Different letters indicate a significant difference (Dunnett)

the interaction of starch with the other
components in the mix, leading to alterations
during the mix formation and expansion
(Cruz-Tirado et al., 2017). The densities of C and
T treatment ranged from 0.14+0.01 to 0.20+0.01
g cm™ and from 0.13+0.01 to 0.41+0.01 g cm?,
respectively. These values matched the ones for
trays produced with grape stem and starch
(0.18 to 0.21 g cm™®) (Engel et al., 2019) and
with ground coffee and starch (0.26 to 0.34
g cm®) (Trongchuen et al., 2018). The densities
were higher than those of trays from cassava
residues and biocomposites (0.016 to 0.033
g cm®) (Engel et al., 2021). There was no
noticeable tendency with density due to variation
in starch and flour content. CPF slightly increased
density, more noticeably in C treatments. If the
T treatment particle size was similar when
mixed with starch, air capsules may have been
reduced during expansion (Bergel et al., 2018).
Foam density is critical, as it is indirectly
correlated with the mixture expansion capacity
(Meng et al., 2019).

Moisture and water absorption

Sample moisture ranged between 3.22% and
6.16%, with 6.24% recorded for the control
(Figure 8). The variability in sample moisture was
attributed to differences in the proportions of
potato peel and CPF, which may be explained by
variations in thermoforming time. Cellulose fiber
agglomeration and incomplete dispersion induce
moisture variations (Peng et al., 2022). Water
absorption was reported between 39.10 and
94.07 g of water g* in C samples and between
32.86 and 92.93 g of water g* in T samples.
Higher fiber concentration (from potato peel and
CPF) correlated with lower water absorption,
as reported by Cruz-Tirado et al. (2020). Parra-
Campos et al. (2022) highlighted the important
role of peel cellulose content, particle size, and
affinity.

Statistical analysis

Multiple linear regression
Multiple linear regression analysis (Table 2)
revealed that trays designed with CPF of Mesh
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Table 2. Multiple linear regression

Dependent variable Regression equation R*(%) R?aj(%) p-value
Particle size: Mesh #20 CT
Tensile strength 5.63 - 0.0252 PPS - 0.2198 CPF 51.20 47.58 0.000*
Compression strength -3.46 + 0.1004 PPS - 0.0806 CPF 70.28 68.07 0.000*
L* 50.38 + 0.168 PPS - 1.425 CPF 72.81 70.12 0.000*
a* 9.16 - 0.1157 PPS + 0.1878 CPF 79.00 77.45 0.000*
b* 29.32 - 0.2963 PPS + 0.0459 CPF 51.43 47.83 0.000*
AE 53.43 + 0.141 PPS - 1.425 CPF 72.48 70.45 0.000*
Thickness 0.575 + 0.0350 PPS - 0.0243 CPF 26.06 22.73 0.012*
Moisture 3.58 +0.0334 PPS - 0.0169 CPF 8.58 1.81 0.298
Water absorption 23.9 + 1.191 PPS - 2.618 CPF 49.46 45.72 0.000*
Density 0.292 - 0.00209 PPS + 0.00891 CPF 15.16 8.87 0.109
Particle size: Mesh #200 TT

Tensile strength 1.56 + 0.0230 PPS - 0.1123 CPF 52.33 48.80 0.000*
Compression strength -3.46 + 0.1004 PPS - 0.0806 CPF 70.28 68.07 0.000*
L* 8.8 +0.802 PPS - 1.437 CPF 72.22 70.16 0.000*
a* 12.06 - 0.1489 PPS + 0.1159 CPF 60.74 57.83 0.000*
b* 24.61 - 0.2270 PPS - 0.251 CPF 28.01 22.68 0.012*
AE 14.3 + 0.734 PPS - 1.467 CPF 74.13 72.22 0.012*
Thickness 0.575 + 0.0350 PPS - 0.0243 CPF 28.06 22.73 0.012*
Moisture -4.23 + 0.1591 PPS + 0.0425 CPF 60.91 58.01 0.000*
Water absorption 81.7 - 0.025 PPS - 1.68 CPF 7.37 0.51 0.356
Density 0.292 - 0.00209 PPS + 0.00891 CPF 15.16 8.87 0.109

Note: * Significant at p < 0.05. PPS = Potato peel starch; PPF = Potato peel flour; CPF = Coffee pulp fiber

#20 particle size (CT) exhibited negative
effects on their physical properties, including
compression strength and colorimetric parameters
(L*, a*, and AE). In contrast, trays designed
with CPF of Mesh #200 particle size (TT) showed
no negative effects on the color parameter a*,
unlike CT.

Pareto diagram of standardized effects

The Pareto chart of standardized effects
(Figure 9) shows the variables that affected
the characteristics of the edible tray. As shown,
there were similar effects for both particle sizes
(CT and TT). The addition of CPF directly
affected tensile strength, L*, a*, and AE in both
CT and TT. The addition of PPS influenced
compression strength, a*, b*, thickness, moisture,
and water absorption in both CT and TT.
Individually, CPF impacted b* and density in
TT, and PPS impacted L*, AE, moisture content,
water absorption, and density in TT.

Principal components analysis (PCA)

Particle size: Mesh #20 CT

Based on Figure 10a, PC1 accounts for 48.60%
of the variance and defines the effect of CPF-CT
incorporation. The negative region (left) displays
a strong clustering of vectors related to
mechanical integrity (compression and tension
strength) and L*. Conversely, the positive region

(right) indicates that color vectors a* and b*
increase with CPF-CT pigmentation, showing
an inverse correlation with mechanical strength
(compression). Therefore, the shift along the
horizontal axis describes a transition from
“structural material” to “pigmented composite
material”.

As shown in Figure 10a, PC2 accounts for
17.90% of the variance and differentiates density
behavior. In the positive region (top), the density
vector dominates this quadrant, exhibiting its own
direction and remaining nearly perpendicular to
the color vectors. This suggests that densification
is a physical phenomenon independent of
pigmentation. The density vector (top right) is
almost diametrically opposed to the tensile
strength vector (bottom left). This geometric
arrangement demonstrates a trade-off in the
material: specifically, formulations that achieve
higher compaction due to increased density tend
to sacrifice their tensile strength.

Particle size: Mesh #200 TT

The analysis of the data matrix for TT reduced
the system’s dimensionality, explaining 70.24%
of the total variance through the first two
components. The plot structure reveals a material
physics distinct from that observed with CPF-CT.
According to Figure 10b, PC1 (horizontal axis)
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accounts for 53.74% of the variance and describes
the primary effect of CPF-TT addition,
representing structural integrity vs. fiber loading
gradient. This component is the most significant
and separates pure, high-strength materials from
colored composite materials. PC2 (vertical axis)
explains 16.50% and represents the impermeable
densification phenomenon. Unlike the previous
case, this axis describes a critical competition
between density and water absorption.

On PC1, the compression strength, tensile
strength, and L* vectors are projected onto the
same side of the plot, showing directional
clustering. This indicates that the lighter and
“purer” samples are consistently the strongest.
It is observed that the a* color vector (redness
component) projects in the diametrically opposite

direction to the mechanical properties. This vector
opposition visually confirms that increasing the
CPF-TT concentration degrades the mechanical
properties of the matrix.

The vertical axis (PC2) reveals a critical
physical phenomenon that distinguishes TT from
other  reinforcements. The  density-water
antagonism indicates that the density and water
absorption vectors point in opposite directions
along the vertical axis, forming an angle of nearly
180°. This geometric configuration demonstrates
that, for this material, density acts as a direct
barrier mechanism. Formulations projecting into
the “high density” region are inherently distanced
from the “high absorption” zone, confirming
an improvement in impermeability through
compaction.
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Figure 10. Biplot PCA for the trays CT (a) and TT (b)
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Identification of material profiles (clusters)

Particle size: Mesh #20 CT

The distribution of the experimental points
across the plane validates three distinct behaviors.
The first is the control group (left quadrant),
which contains no fiber and exhibits the highest
mechanical performance (points associated with
compression/tension vectors), as well as a high
affinity with the water absorption vector (upper
left quadrant), confirming its hydrophilic nature.
A second, reinforced group (right quadrant)
consists of formulations with high CPF-CT
content located in the direction of the color and
density vectors, confirming that the fiber acts as
a densifying agent and contributes to aesthetic
changes. The analysis confirms that the
incorporation of CPF-CT alters the polymer
matrix, generating denser and visually distinct
materials, as indicated by the rightward and
upward shift in the plot. However, this structural
change leads to a systematic decrease in
mechanical tensile and compressive properties,
indicated by the leftward shift.

Particle size: Mesh #200 TT

Three distinct zones are defined. The first is
designated “high strength,” where fiber-free
samples are located at the end of the horizontal
axis associated with tensile and compressive
strength. However, their position also indicates
proximity to the influence of moisture vectors,
confirming their hydrophilic nature (high water
absorption). The second zone is termed “optimal
packing,” where a specific clustering of
formulations with 10% CPF-TT is observed in
the region dominated by the density vector.
Visually, this group is further removed from
the water absorption vector. This suggests that
10% CPF-TT efficiently fills voids within
the matrix, maximizing compaction while
minimizing water absorption. Subsequently,
a third zone, called “saturation,” shows that as
the fiber dosage increases to 15%, samples shift
back toward regions of higher water affinity
and lower density, suggesting that excess
CPF-TT generates defects or agglomerations that

Table 3. Crunchiness and mechanical analyses

“open” the material’s structure. The biplot
confirms that the incorporation of CPF-TT
introduces a trade-off between mechanical
strength and impermeability. Based on these
statistical analyses, the tray with the lowest CPF-
CT proportion (2.5%) and the tray with a medium
CPF-TT content (7.5%) were selected.

Best treatments analysis

Considering that the goal of this research was
to design edible trays, CT1 and TT8 treatments
were selected based on mechanical and physical
test results. The following results were obtained
for both treatments. Two texture tests were
performed to simulate chewing: the Guillotine test
and the biting simulation test, along with a sound
emission analysis.

Guillotine test

Two variables were measured: work of shear
(toughness) and firmness (Table 3). The CT1
treatment showed lower toughness and firmness
than TT8, due to smaller CPF particles in TT8,
which provided greater chewing resistance. Both
results were superior compared to extruded snacks
(6.50 to 30.50 N mm™) (Ferraz et al., 2019) and
highly similar compared to cookies (11.00 to
28.56 N mm™) (Apaza Fabian and Izquierdo
Pantigoso, 2017).

Crunchiness test

Sound emission analysis indicated
a significantly higher crunchiness for CT1
(76.97+0.66 dB) than for TT8 (73.95+0.16 dB)
(p < 0.05). Higher crunchiness has been related to
starch content (Cruz-Tirado et al., 2017), yet it is
also associated with a weaker tray structure,
which in turn, is related to higher loss during
unmolding, packing, and distribution. These 2
tests shed light on key information to characterize
tray resistance.

Biting simulation test

Unlike the previous test, the biting simulation
test simulated a tooth, yet the observed variable
was firmness. The firmness of TT8 (858.22+75.08
g) was significantly higher than that of CT1

Guillotine test

Biting simulation test

Sample Toughness Firmness Sound Firmness Sound
(N mm?) (N mm™) (dB) 9) (dB)
CT1 8.81+0.47° 10.374£1.14*  76.97+0.66° 547.19+8.97% 68.22+0.38°
TT8 12.13+1.08° 12.79+1.54°  73.95+0.16° 858.22+75.08" 67.63+0.22"

Note: P Different letters in row indicate a significant difference (Dunnett); CT = Tyler #20; TT = Tyler #200
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(547.19+38.97 g) (p < 0.05). However, the sound
emission recorded was significantly higher for
CT1 (68.22+0.38 dB) than for TT8 (67.63+0.22
dB) (p < 0.05). Guillotine and biting simulation
tests showed similar results, indicating TT8 as
the best treatment. Due to its composition, TT8
showed a lower starch and higher fiber content
(potato peel and coffee pulp), resulting in a more
compact structure. As such, higher firmness or
toughness was related to a less crunchy sound.

Fourier-transform  infrared
(FTIR)

Figure 11 shows the FTIR spectra for the two
main treatments (CT1 and TT8), illustrating
interactions between PPS, PPF, and CPF. Similar
peaks with vertical shifts were linked to the
sample composition. A reduction in the 3,500 to
3,000 cm™ bands, corresponding to the hydroxyl
group, compared with CT1, indicated that potato
peel and CPF were present on the foam surface
and that TT8 contained a lower starch content
(Bergel et al., 2018). The 3,000 to 2,900 cm™ band
was linked to the stretching of C-H bonds;
the 1,400 to 1,300 cm™ band was linked to the
symmetrical and asymmetrical vibrations of C—H
bonds. While the 1,200 to 1,000 cm™ band showed
peaks typical of starch and other polysaccharides
(fiber, cellulose, etc.) and was linked to the acetal

spectroscopy

—T.T8

(C-0-C) group vibrations (Lima et al., 2012;
Wokadala et al., 2014). The 1,750 to 1,700 cm™
band was linked to the stretching of the carbonyl
C=0 group due to interactions between starch and
added polysaccharides (Bergel et al., 2018).
Trongchuen et al. (2017) demonstrated that
combining starch with other substances may result
in their degradation with heat.

Scanning electron microscopy (SEM)

SEM images of CT1 and TT8 showed the
internal structures in a cross-section of the trays
(Figure 12). Both treatments showed a porous
transverse section, possibly due to the quick water
evaporation during molding, leading to bubble
rupture (Cinelli et al., 2006). However, TT8
showed a more compact structure with smaller air
bubbles, probably due to a higher fiber content
and lower CPF particles. This finding is consistent
with Cruz-Tirado et al. (2020), who reported that
increased fiber content reduces overall internal
porosity. Moreover, as reported by Cruz-Tirado
et al. (2020), higher starch content was associated
with bigger internal bubbles.

Edible tray nutritional value

The nutritional value of the edible tray turned
out to be low (16 to 19% of the recommended
daily intake), with mainly carbohydrates (85.96
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Figure 11. FTIR spectra of CT1and TT8
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Figure 12. Edible tray SEM micrographs: a) CT1, 80x resolution; b) CT1, 150x resolution;
c) TT8, 80x resolution; d) TT8, 150x% resolution

Table 4. Edible tray nutritional value

Component Protein  Fat Fiber  Carbohydrates Energy  Iron Zinc  Magnesium
g 100 g* kcal mg kg™
CT1 1.17 178  3.07 85.96 315.00 4490 18.66 3.47
TT8 1.02 219 344 92.60 376.50 56.70 16.52 3.89
Table 5. Iron bioaccessibility (mg kg?) in edible trays

Sample Mouth Stomach Small intestine

CT1 0.93+0.15 1.22+0.20 1.28+0.01

TT8 1.1340.10 1.69+0.07 1.81+0.05

to 92.60%) and fiber (3.07 to 3.44%). Regarding
the iron content from CPF, it stood out (44.90
to 56.70 mg kg™) (Table 4). TT8 showed a higher
iron bioavailability (1.13 to 1.81 mg kg™
compared with CT1 (0.93 to 1.28 mg kg?)
(p < 0.05) (Table 5). The bioaccessibility of
iron in edible trays was much lower than in
the bean extract (67.4 mg kg™) but higher than in

textured peas (0.5 mg kg™) (Auer et al., 2024).
Iron bioavailability tended to increase as the
samples progressed from the mouth to the small
intestine. The high fiber content from potato peel
and coffee pulp likely formed an egg carton-like
structure, which increased iron bioavailability
in TT8 until reaching the small intestine (Duréan
et al., 2017).
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CONCLUSIONS

This study demonstrated the feasibility
of utilizing CPF and potato peel residues as
reinforcement materials to produce edible trays
from “Huevo de Indio” potato starch through
a thermocompression molding process. PCA
successfully elucidated the distinct physical
behaviors induced by the incorporation of CPF.
For both coarse (CPF-CT) and thin (CPF-TT)
fibers, the first two components accounted
for over 70% of the total variance. Based on
this multidimensional analysis, formulations
with 2.5% (CT1) and 7.5% (TT8) were identified
as optimal candidates, as they maintained
sufficient structural performance while achieving
the densification required for food-grade
edible trays. The resulting trays exhibited
a favorable appearance, adequate expansion,
and a homogeneous fiber distribution within the
polymer matrix. Specifically, the PPS/PPF/CPF
ratios of 60 g/5 9/2.5 g (CT1) and 50 ¢/15 ¢/7.5 ¢
(TT8) showed superior CPF dispersion, density,
and water absorption balance. Results from
guillotine and bite simulation tests, FTIR, SEM,
nutritional analysis, and iron bioaccessibility
confirmed that TT8 possessed the best overall
qualities. Future research should focus on
determining the shelf life of the edible trays and
investigating methods to further enhance iron
bioavailability.
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