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Abstract

Yerba mate (Ilex paraguariensis) is a widely consumed beverage recognized for its high
antioxidant content and bioactive compounds with health-promoting properties. Concen-
trating yerba mate extracts represents a valuable opportunity for industrial applications,
including food packaging. Block freeze-concentration is a promising technology for con-
centrating food solutions while preserving functional compounds. In this context, the use
of biodegradable polymers combined with natural components derived from by-products
aligns with circular economy principles. This study aimed to develop an active and in-
telligent biopolymer film using residues from the block freeze-concentration of yerba
mate extract (ice fraction). The film was produced by the casting method. Block freeze-
concentration was performed in three stages, and process efficiency was evaluated using
ice fraction 3. The films were characterized for physical, mechanical, thermal, antiox-
idant (total phenolic content, DPPH, and ABTS), and intelligent properties, including
pH-responsive color changes, thickness, biodegradability, barrier performance, molecu-
lar structure by FTIR spectroscopy, and morphology by scanning electron microscopy
(SEM). The main results showed a total phenolic content of 1.01 ± 0.02 mg GAE g−1 of
film, 2094 ± 5.00 µmol TE g−1 for DPPH, and 1610.00 ± 8.00 µmol TE g−1 for ABTS. Color
changes observed at different pH levels (4, 7, 10, and 12) demonstrated the film’s poten-
tial for application in intelligent packaging as a freshness indicator. The film exhibited
complete disintegration under soil burial conditions within 45 days. The film presented
a water vapor permeability of (1.80 ± 0.01) × 10−7 g H2O·m−1·s−1·Pa−1 and an average
thickness of 0.26 ± 0.03 mm. As a result, these findings indicate that products derived from
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block freeze-concentration residues of yerba mate extract can be effectively applied in sus-
tainable food packaging systems, contributing to shelf-life extension through antioxidant
preservation and intelligent functionality.

Keywords: antioxidant activity; bioactive compounds; biodegradable polymers; pH-sensitive
indicators; waste valorization

1. Introduction
The growing concern over the environmental consequences associated with the mas-

sive use of petroleum-based conventional plastics has intensified the search for sustainable
alternatives in the food packaging sector [1]. These materials, although widely adopted due
to their low cost and desirable mechanical performance, exhibit extremely low biodegrad-
ability and contribute substantially to global pollution, particularly in terrestrial and aquatic
ecosystems [2]. In response, biodegradable, renewable, and environmentally responsible
materials have emerged as promising solutions, especially when combined with advanced
functionalities that enhance food protection and quality [3,4].

Beyond replacing synthetic polymers with biopolymers, recent technological advances
have led to the development of active and intelligent packaging systems, often referred
to as smart packaging [5,6]. Active packaging interacts with the food or its surrounding
environment by releasing or scavenging compounds that delay spoilage processes, thus
extending shelf life and improving microbiological safety [7]. Intelligent packaging, in turn,
provides real-time information on food quality by responding to changes in oxidation, pH,
or microbial activity [8]. The incorporation of plant extracts rich in bioactive compounds
into packaging matrices represents a particularly attractive strategy, enabling the substitu-
tion of synthetic additives with natural antioxidants while aligning with consumer demand
for clean-label and sustainably sourced ingredients. The antioxidant potential of yerba
mate extracts, including their phenolic release behavior in biopolymer films, has already
been demonstrated in food packaging systems [9].

Among plant-derived resources, Ilex paraguariensis, commonly known as yerba mate,
is a rich source of bioactive compounds. Native to South America and deeply embedded in
the cultural, economic, and environmental landscapes of Brazil, Argentina, Paraguay, and
Uruguay, yerba mate is traditionally consumed as chimarrão and tereré and is increasingly
explored for functional food applications [10]. Its chemical composition is characterized by
high levels of phenolic compounds, flavonoids, chlorogenic acids, and alkaloids, which
are strongly associated with antioxidant activities widely reported in the literature [11].
These properties make yerba mate a promising candidate for incorporation into packaging
systems with active and potentially intelligent functionalities.

The preservation of these bioactive compounds depends strongly on the extraction
and concentration technologies employed. Conventional thermal methods may lead to
degradation of thermolabile molecules and loss of biological activity [12]. In contrast, block
freeze-concentration (BFC) is a non-thermal technology that concentrates liquid extracts
through ice crystal formation and separation, preserving heat-sensitive compounds and
maintaining functional quality. Studies on freeze-concentrated plant infusions demonstrate
that this technique can effectively enhance phenolic content while retaining antioxidant
activity [13]. However, BFC inherently generates residual fractions, particularly the dilute
phase obtained from melted ice, which may still contain significant amounts of dissolved
bioactive compounds [14]. From a sustainability perspective, these residual fractions
represent an underexplored opportunity for valorization. Rather than being treated as
low-value effluents, they can be redirected as functional ingredients in biodegradable
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materials. The incorporation of freeze-concentration residues into biopolymeric matri-
ces enables the transformation of processing by-products into value-added components,
contributing antioxidant activity and potentially enabling smart responses within pack-
aging systems. Previous research has shown that yerba mate extracts can be successfully
incorporated into biodegradable films, enhancing antioxidant activity and influencing
physicochemical properties, supporting the feasibility of using even residual fractions rich
in bioactives [15,16].

This strategy aligns closely with the principles of the circular economy, which pro-
motes the maintenance of material value, the reduction in waste generation, and the
creation of regenerative production systems [17,18]. Integrating block freeze-concentration
processes with the development of biodegradable films reduces effluent production, maxi-
mizes resource use, and creates a technological pathway in which waste streams become
functional raw materials. Such integration not only improves process sustainability but
also contributes to the design of next-generation smart packaging materials based on
renewable sources [19].

The objective of this study was to develop biodegradable films incorporating residues
obtained from block freeze-concentration of yerba mate extract and to evaluate the influence
of this fraction on the structural, functional, and antioxidant properties of the resulting
materials. In this context, the study aimed to determine whether these residues can be
effectively incorporated into the film matrix and to assess how their presence affects the
structural properties and functional performance of the materials. It was hypothesized that
the incorporation of these residues could enhance the functional properties of the films,
supporting their application as active and sustainable packaging systems. Additionally,
the potential of these materials as packaging solutions aligned with circular and bio-based
approaches for the food sector was investigated.

2. Materials and Methods
For block freeze concentration, yerba mate (Ilex paraguariensis) leaves, ground to

40 mesh, were obtained from the Non-Timber Forest Products Technology Laboratory at
Embrapa Florestas (25◦17′30′′ S latitude and 49◦13′27′′ W longitude). The film-forming
solution was prepared using distilled water, corn starch (viscosity 2000 cps; Milhena, São
Paulo, Brazil), glycerol (Neon. São Paulo, Brazil) as plasticizer, and carboxymethylcellulose
(CMC, Neon, São Paulo, Brazil) (food-grade off-white powder; viscosity 50–200 cps; Neon,
São Paulo, Brazil).

2.1. Block Freeze Concentration Process

The aqueous extract of yerba mate was prepared: 30 g of yerba mate was added
to 1 L of distilled water, and the mixture was heated to 100 ◦C while stirring for 3 min.
Subsequently, the extract was cooled to room temperature and then vacuum-filtered to
separate the solid residue and obtain the liquid extract (Figure 1A) [20,21].

Gravitational assisted block freeze concentration (BFC) was performed as described
by Canella et al. [22] (Figure 1B). First, the yerba mate extract was divided into 200 mL
plastic containers and then frozen at −20 ± 2 ◦C. After the yerba mate aqueous extract
was completely frozen, 50% of the initial frozen volume was recovered as the thawed
liquid fraction, corresponding to the first concentrate (C1), while the remaining frozen
portion constituted the first ice fraction (I1) (Figure 1A). The thawed liquid fraction (C1)
was collected and used as the feed solution for the second BFC stage, resulting in a second
concentrate (C2) and a second ice fraction (I2) (Figure 1B). Subsequently, the concentrate
obtained in the second stage (C2) was used as the feed solution for the third BFC stage,
producing a third concentrate (C3) and a third ice fraction (I3) (Figure 1C).
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Figure 1. (A) Yerba mate extract; (B) gravitational assisted block freeze concentration; (C) diagram of
yerba mate extract freeze concentration. Note: C1, C2, and C3 refer to concentrates of stages 1, 2, and
3, respectively; I1, I2, and I3 refer to ice fractions of stages 1, 2, and 3, respectively.

2.2. Freeze Concentration Parameters

The freeze concentration parameters were evaluated by the concentration factor (CF)
according to the calculus of the methodology proposed by Aider and Ounis [23] using
Equation (1) with adaptations:

Concentration Factor =
AGn

AG0
. (1)

AGn is the gallic acid content (mg 100 mL−1) of the concentrated yerba mate extract,
and AG0 is the gallic acid content (mg 100 mL−1) of the initial yerba mate extract.

The process efficiency (PE) was calculated based on the increase in the gallic acid
content (AG) in the yerba mate extract (mg 100 mL−1) relative to the AG remaining in the
ice (mg 100 mL−1) from each freeze concentration stage, according to Equation (2):

Processes E f f iciency (%) =
AGC − AGI

AGC
× 100. (2)

AGc is the gallic acid content (mg 100 mL−1) in the concentrate, and AGI is the gallic
acid content (mg 100 mL−1) in the ice at the end of each freeze concentration stage.

The impurity of the ice was determined based on the gallic acid content (mg 100 mL−1)
in the concentrated phase retained in the ice fraction. It was defined as the ratio between
the gallic acid concentration in the ice fraction and the gallic acid concentration in the
concentrated extract at the end of each cycle. The impurity index for each cycle was
calculated according to Equation (3):

Impurity o f ice (%) = 100 (%)− Processes E f f iciency (%). (3)

2.3. Film Preparation

The film was prepared according to the casting methodology [18]. Initially, 24 g of
cornstarch was dispersed in 400 mL of distilled water under continuous stirring. Subse-
quently, 13.3 g of glycerol, a plasticizer, and 2.4 g of carboxymethylcellulose (CMC) were
incorporated into the mixture. The dispersion was heated to 50 ◦C and maintained under
constant agitation for approximately 15 min. The temperature was gradually increased to
80 ◦C and held for 30 min, promoting complete starch gelatinization and the formation of
a homogeneous film-forming solution. Finally, the temperature was raised to 90 ◦C and
maintained for an additional 15 min. After cooling the solution (40 ± 2 ◦C), 150 mL of
the melted ice fraction 3 (I3) was added. The solution was poured into glass containers

https://doi.org/10.3390/pr14071122

https://doi.org/10.3390/pr14071122


Processes 2026, 14, 1122 5 of 22

(0.08 g cm−2) and placed in a forced-air circulation oven at 45 ± 2 ◦C for 24 h [5]. The
formulation of the biopolymeric films was designed to focus on functionalizing the matrix
using the I3 fraction. A blank control (distilled water) was omitted, as the base components
(starch, CMC, and glycerol) are widely reported in the literature to have no antioxidant
activity or pH-sensitive color properties, thus serving as a known baseline.

2.4. Physical Properties

To evaluate their physical performance, the films were analyzed for thickness, mois-
ture content, water solubility (WS), water vapor permeability (WVP), and contact angle
measurement [4].

Film thickness (5 cm × 5 cm) was measured at five distinct locations on each sample
using a digital micrometer (model 02.0005, ZAAS, São Paulo, Brazil) [24]. The moisture
content was determined by drying samples of known mass in a hot-air oven (Fanem LTDA,
São Paulo, Brazil) at 105 ◦C until constant weight was achieved [25].

The water solubility (WS) of the films was determined using specimens (2 × 2 cm)
previously dried and weighed (Wi). The samples were immersed in 30 mL of distilled water
under mild agitation for 24 h. After this period, the insoluble fraction was recovered by
filtration using pre-dried filter paper (Whatman No. 1, St. Louis, MO, USA). The retained
residue was dried in a hot-air oven (MB25, OHAUS, Parsippany, NJ, USA) at 105 ◦C until
constant weight. The final mass (Wf) corresponds to the dry mass of the insoluble film
residue, discounting the filter paper mass. Water solubility was calculated as the percentage
of solubilized material relative to the initial dry mass, according to Equation (4) [18]:

WS =

( Wi − W f

Wi

)
. (4)

The water vapor permeability (WVP) of the films was evaluated according to a proce-
dure adapted from Hoffmann et al. [8]. Briefly, 40 g of anhydrous silica gel were placed
in a 50 mL centrifuge tube, which was subsequently sealed with the film sample. The
assembly was transferred to a desiccator maintained at 25 ◦C and containing distilled water
to provide 100% relative humidity. The tubes were weighed at 30 min intervals over a 4 h
period. Mass variation was monitored over time, and the water vapor transmission rate
(∆W/∆t) was determined from the slope of the linear regression of mass gain versus time.
Water vapor permeability was calculated using Equation (5), where ∆W/∆t corresponds to
the slope of the mass variation curve, δ represents the film thickness (m), A is the effective
permeation area (m2), and ∆P denotes the difference in water vapor pressure between the
two sides of the film and pure water at 25 ◦C (Pa):

WVP =

(
∆W
∆t

)
× δ

A × ∆P
. (5)

Contact angle analyses were conducted following the methodology described by
Jorge et al. [26], with adaptations. Images were acquired using a USB digital microscope at
magnifications up to 1000×. Measurements were performed in triplicate, and results were
reported as mean ± standard deviation. The contact angle was measured using ImageJ
(version 1.x). 10 µL of distilled water was deposited onto the film surface, and images of
the liquid–solid interface were captured at 0 s and 180 s for subsequent analysis.

2.5. Mechanical Properties

The mechanical properties of the films were evaluated using a universal testing
machine (INSTRON EMIC 23-100, São José dos Pinhais, Brazil) in accordance with
ASTM D882 [27]. The maximum force rupture and tensile strength were obtained us-
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ing Bluehill Universal software (version 2.x). Film specimens were mounted between two
pneumatic grips (EMIC, model GR052, maximum load capacity of 5 kN) and subjected to
tensile testing at a constant crosshead speed of 1.0 mm s−1.

The tensile strength (TS), elongation at break (EB), and Young’s Modulus (E) were
calculated using Equations (6)–(8), respectively [25]:

TS [MPa] =
F

δ × L
, (6)

EB [%] =
∆L
L0

× 100, (7)

E [MPa] =
σ

ε
. (8)

F is the maximum force at rupture (N), δ is the average thickness (mm), L corresponds
to the width of the sample (mm), ∆L is the elongation at break (mm), and L0 is the initial
length of the film sample (mm), σ is the tensile strength/resistance (MPa) and ɛ is the
deformation/elongation at break (mm/mm).

2.6. Structural Properties

The thermal stability of the samples was evaluated by thermogravimetric analy-
sis (TGA). Samples were heated from room temperature to 500 ◦C at a heating rate of
10 ◦C min−1 under argon at a flow rate of 100 mL min−1. The TGA and DTG curves were
obtained and analyzed using Origin 8.5 software [18].

Fourier-transform infrared (FTIR) spectroscopy was performed using a Vertex 70
spectrometer (Billerica, Bruker, Germany) equipped with an attenuated total reflectance
accessory. Spectra were recorded in the range of 400–4500 cm−1 with a resolution of 4 cm−1,
using 16 scans per sample. Spectral data were processed using OPUS software (version 8.x,
Bruker) to qualitatively identify functional groups [28].

The microstructure of the films, including surface and cross-section morphology,
was examined using a scanning electron microscope (SEM) (VEGA 3, Tescan, Brno,
Czech Republic). Prior to analysis, the samples were sputter-coated with a thin layer
of gold using a Q150R ES coating system (Quorum Technologies, Lewes, UK). Observations
were performed under an accelerating voltage of 10 kV. SEM images of the film surface
were acquired at 200×, 500×, and 1000× magnifications, while cross-section images were
obtained at 400× magnification [18,25].

2.7. Coloration Parameters

Color attributes and opacity were evaluated using a sphere spectrophotometer (SP60,
Lovibond, Amesbury, UK). Opacity was measured in %. The color were expressed in the
CIELAB color space, including L*, which corresponds to brightness, ranging from black (0)
to white (100); a*, which describes the chromatic transition between green (negative values)
and red (positive values); and b*, which represents the variation from blue (negative values)
to yellow (positive values) [18].

2.8. Intelligent Freshness Indicator

The prepared films were immersed in solutions at pH 4, 7, 10, and 12 to assess
their intelligent response as freshness indicators, as indicated by observable color changes.
Colorimetric measurements (L*, a*, and b*) were obtained using a sphere spectrophotometer
(SP60, Lovibond). Color differences (∆E) were determined using Equation (9), in which L0*,
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a0*, and b0* correspond to the initial color parameters of the films prior to exposure to the
pH solutions [5]:

∆E =
[
(L ∗ −L0∗)2 + (a ∗ −a0∗)2 + (b ∗ −b0∗)2

]1/2
. (9)

2.9. Biodegradability Test

The film samples were buried in vegetal compost (soil) and maintained under natural
environmental conditions. Circular samples with a diameter of 10 cm were used. The
biodegradation test was conducted over 45 days, and the results were qualitatively evalu-
ated using photographs [4]. In addition, sample mass loss was monitored throughout the
analysis period.

2.10. Total Phenolic Content and Antioxidant Activity

To assess antioxidant activity, total phenolic content, and DPPH and ABTS radical-
scavenging activities were analyzed.

The total phenolic content was determined using the Folin–Ciocalteu [29] assay, as
described, with gallic acid as the reference standard. A calibration curve was constructed
using gallic acid solutions ranging from 1.0 to 9.0 mg L−1, showing good linearity (R2 = 0.99).
Aliquots of the sample extract (0.1–1.0 mL) were transferred to test tubes, followed by the
addition of 1.25 mL of Folin–Ciocalteu reagent and 5 mL of sodium carbonate solution (15%,
w/v). After reaction, absorbance was recorded at 720 nm using a UV–Vis spectrophotometer
(Shimadzu UV-1800, Kyoto, Japan). Results were expressed as milligrams of gallic acid
equivalents per g of film (mg GAE g−1) [30].

The DPPH radical scavenging activity was determined using the method proposed
by Brand-Williams et al. [31], which measures the reduction in the stable free radical
2,2-diphenyl-1-picrylhydrazyl (DPPH) in the presence of antioxidant compounds. The
decrease in absorbance was monitored at 517 nm. Results were calculated using a Trolox
calibration curve and expressed as micromoles of Trolox equivalents per gram of film
(µmol TE g−1).

The ABTS radical cation scavenging activity was evaluated according to the method
described by Re et al. [32], which relies on antioxidant compounds’ ability to donate
hydrogen atoms or electrons to neutralize the ABTS+ radical. Absorbance readings were
recorded at 734 nm, and antioxidant capacity was quantified using Trolox as the reference
standard. Results were expressed as µmol TE g−1 of film.

2.11. Statistical Analysis

Statistical analyses were carried out using Statistica software (version 13.5, TIBCO
Software Inc., Palo Alto, USA). All experiments were conducted in triplicate, and results
are presented as mean values with their respective standard deviations (mean ± standard
deviation). Differences among treatments were evaluated by one-way analysis of variance
(ANOVA), and when significant effects were observed, Tukey’s multiple comparison test
was applied. Statistical significance was considered at p < 0.05 [33].

3. Results and Discussion
3.1. Freeze Concentration Parameters

During the block freeze concentration process, as the stages advance, the concentration
factor increases progressively (1.26 for C1, 2.08 for C2, and 3.05 for C3), directly reflecting the
increase in the concentration of gallic acid in the concentrated fraction (Table 1). Moreover,
the superior efficiency (69.22 ± 0.20) observed in the third stage, compared with the
preceding stages, confirms it as the most efficient phase of the process.
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Table 1. Process efficiency and concentration factor of block freeze concentration of yerba mate extract.

Stage Sample Gallic Acid
(mg L−1) CF EP (%) Impurity of the

Ice (%)

0 Yerba mate extract 3.84 dB ± 0.01 - - -

1
C1 4.87 c ± 0.01 1.26 ± 0.01 65.30 ± 0.20 -
I1 1.69 D ± 0.01 - - 34.70 ± 0.01

2
C2 7.99 b ± 0.01 2.08 ± 0.01 63.95 ± 0.10 -
I2 2.88 C ± 0.01 - - 36.05 ± 0.01

3
C3 11.73 a ± 0.01 3.05 ± 0.01 69.22 ± 0.20 -
I3 3.61 A ± 0.01 - - 30.78 ± 0.01

Results are expressed as the mean ± standard. a, b, c, d Within a column, different superscript lowercase letters
denote significant differences (p < 0.05) between the yerba mate extract and C1, C2, and C3. A, B, C, D Within a
column, different superscript uppercase letters denote significant differences (p < 0.05) between the yerba mate
extract and the I1, I2, and I3 fractions.

Similar results were found by Boaventura et al. [13]. In this study, the concentrated
fluid showed increasing phenolic compound levels at all freeze-concentration stages
(5.33 for C1, 7.60 for C2, and 10.34 for C3). Bredun et al. [34] also carried out a three-
stage freeze-concentration process for winemaking by-product (grape pomace extract);
the concentration of bioactive compounds increased by 91% for phenolic compounds and
91% for anthocyanins (stage 2). Marafon et al. [35] investigated the performance of acerola
pulp (Malpighia emarginata DC) during freeze-block concentration, focusing on the behavior
of its bioactive compounds. The freeze concentrated fraction obtained in the third stage
exhibited the most pronounced concentration effect, with the highest concentration factor
among the previous stages (127 for C1, 181 for C2, and 270 for C3).

The third stage (C3) showed the best performance, demonstrating greater concentra-
tion capacity of the compounds of interest when compared to the previous stages. This
behavior is consistent with the process principle, in which the gradual exclusion of water
during successive cycles of freezing and thawing favors the enrichment of the concentrated
fraction [36]. The C3 concentrate was selected for preliminary application tests, which
indicated promising performance.

The ice fraction generated during the process was evaluated with respect to the full
valorization of process streams, in line with the principles of the circular economy [17].
Although traditionally considered a low-value by-product, the ice fraction showed signifi-
cant retention of bioactive compounds (30.78%) [33]. Given this retention of compounds, it
was decided to reuse the ice fraction 3 (I3) to prepare a biodegradable film. This strategy
not only reduced waste and effluents from the process but also allowed the incorpora-
tion of functional compounds into the film-forming material. The use of melted I3 as a
functional ingredient represents an innovative approach that integrates process efficiency,
sustainability, and the development of active materials [18,33].

Beyond process efficiency, the selection of the third ice fraction (I3) as a functional
ingredient is supported by its relevant retention of bioactive compounds (30.78%). Although
ice fractions are typically considered dilute, the progressive increase in solute concentration
during successive stages favors the entrapment of phenolic compounds within the ice
matrix. As a result, I3 maintained a gallic acid content (3.61 mg L−1) close to that of the
initial extract, indicating sufficient bioactive concentration for functional applications.

From a technological perspective, this composition is particularly advantageous,
as it provides bioactivity without excessive solute content that could negatively affect
film formation or structural integrity. In addition, while the concentrate fraction (C3) is
more suitable for direct applications requiring high enrichment, I3 represents a viable
alternative for incorporation into biopolymeric systems, where moderate concentrations
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are sufficient to promote antioxidant and pH-responsive properties. Therefore, the selection
of I3 combines compositional relevance and application feasibility, supporting its use as a
functional and sustainable ingredient in developed films.

3.2. Physical Properties

The film had an average thickness of 0.26 ± 0.03 mm, similar to the values reported by
Jaramillo et al. [37] (~0.25 mm) and Ceballos et al. [38] (0.25 ± 0.05 mm). These results indi-
cate that the incorporation of the I3 did not alter the thickness, maintaining the uniformity
of the polymer matrix and favoring the formation of continuous films.

The film’s moisture content was 26.39 ± 0.01%, consistent with values reported for
biodegradable films based on starch and plant extracts. Studies such as Leon-Bejarano
et al. [39] reported values close to 30%, highlighting the ability of these hydrophilic matrices
to retain water due to the presence of polysaccharides and phenolic compounds. This
moisture level may promote greater plasticity and resistance to cracking; however, it
may also compromise barrier properties and stability, requiring appropriate control of
formulation and storage conditions [18].

The water solubility of the developed film was 44.05 ± 3.71%. This behavior can be
explained by the higher hygroscopic affinity conferred by hydrophilic compounds present
in the I3, which enhances the interaction between the polymer matrix and water. Studies on
starch-based films report solubility values ranging from 26.7% to 39.5% [40], indicating that
the value obtained in the present study remains within the expected range for hydrophilic
polymer systems. This characteristic may represent a limitation for applications involving
direct contact with high-moisture or liquid foods, where structural integrity could be com-
promised. However, the film was specifically designed for use in packaging systems for dry
or low-moisture foods, in which exposure to water is minimal. Under these conditions, the
observed solubility is not expected to negatively affect its performance [41]. The relatively
high solubility should be considered when expanding its application range. Strategies such
as crosslinking of the polymer matrix, incorporation of hydrophobic compounds, or the
application of surface coatings may be explored to improve water resistance. Therefore,
while suitable for dry food applications, further modifications may be required for use in
environments with higher water activity [37].

The film showed a water vapor permeability (WVP) of (1.80 ± 0.01) × 10−7 g
H2O·m−1·s−1·Pa−1, indicating a matrix with moderate resistance to water vapor transfer and re-
maining within the lower range reported for starch-based films (1.0 × 10−7 to 4.0 × 10−7) [41].
This result suggests that the presence of hydrophilic compounds from yerba mate did not
significantly increase water diffusion, possibly due to structural interactions that promoted
a more compact polymer network. Although the WVP value is suitable for biodegradable
active packaging applications, limitations under high relative humidity conditions should be
considered, and formulation adjustments may be recommended to improve barrier efficiency.

The water contact angles of the film confirm a highly wettable surface. At time 0 s, the
right angle was 29 ± 1.0◦, and the left angle was 33 ± 0.9◦; after 180 s, these values dropped
to 23.5 ± 0.6◦ and 23.7 ± 0.4◦, respectively (Figure 2). This reduction over time indicates
that the drop spread more and/or that water penetrated the polymer matrix, which is
typical of films rich in hydroxyl groups (starch/CMC/glycerol), which interact strongly
with water through hydrogen bonds. In general, contact angles are used to estimate surface
hydrophobicity: higher values indicate greater hydrophobicity, while values <90◦ indicate
hydrophilic materials [42]. In this case, all values were below 90◦, reinforcing a hydrophilic
profile with high water affinity, consistent with the drop observed between 0 and 180 s.
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Figure 2. Water contact angle of the film at (A) 0 s and (B) 180 s, showing the interaction between the
film surface and water.

Żołek-Tryznowska et al. [43] reported that starch-based films exhibit water contact
angles ranging from 23◦ to 63◦, depending on the starch origin and composition, indicating
predominantly hydrophilic surfaces in many cases. For corn starch, the angle was 23.18◦.
Lopes et al. [44] observed water contact angles ranging from approximately 30.0◦ to 52.2◦

in alginate-based edible films, all below 90◦, confirming the hydrophilic nature attributed
to the polymer’s affinity for water.

These results are consistent with the film’s high solubility (44.05 ± 3.71%), as more
hydrophilic surfaces, characterized by lower contact angles, tend to interact more with
water. This greater affinity favors the absorption and diffusion of water in the polymer
matrix, facilitating the leaching of soluble components.

Finally, the physical properties of the I3-incorporated films remained consistent with
values reported in the literature for pure starch-based films [45], indicating that the residual
extract provides functionality without compromising the structural integrity of the matrix.

3.3. Mechanical Properties

The film containing I3 in this study showed a tensile strength of 1.48 ± 0.02 MPa, elon-
gation at break of 60.58 ± 2.21%, and a Young’s modulus of 2.13 ± 0.01 MPa, characterizing
a flexible material with moderate mechanical resistance. When compared to the results
reported by Ceballos et al. [38], who observed higher tensile strength values (2.9–3.2 MPa)
and greater elongation (63–80%), the film obtained in the present study exhibited lower
mechanical strength, although with similar ductility. This difference may be associated
with variations in formulation and processing methods, as well as structural factors such as
film thickness, extract distribution, and residual moisture content, which directly influence
mechanical performance.

3.4. Structural Properties

The thermogravimetric analysis (TGA) and its corresponding derivative curve (DTG)
revealed that the developed film undergoes three distinct stages of mass loss during thermal
degradation (Figure 3). In the first stage, between 31 and 238 ◦C, the film exhibited an
approximate 18.0% reduction in mass, mainly due to the evaporation of moisture and
low-molecular-weight volatile compounds in the polymer matrix.

The second degradation stage, observed in the temperature range of 238 to 345 ◦C,
was associated with the thermal decomposition of the starch matrix and the plasticizer
(glycerol), accounting for approximately 75% of the total mass loss. Finally, the third
stage occurred between 345 and 807 ◦C, during which only a minor mass loss (~12%) was
observed, corresponding to the degradation of more thermally stable residues and the
formation of char [5]. Carvalho et al. [18] reported a thermal degradation pattern similar
to that observed in this study, with mass losses of approximately 17% in the first stage
and 70.2% in the second stage, followed by a residual mass of about 8.5%. These values
are consistent with the results obtained here, confirming the typical thermal behavior of
starch-based films.
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Figure 3. (A) Thermogravimetric analysis (TGA) curve showing the relationship between mass loss
(%) and temperature (◦C) in red; (B) derivative thermogravimetry (DTG) curve of the film in blue.

Fourier transform infrared spectroscopy (FTIR) analysis of I3 revealed characteristic
bands associated with bioactive compounds typical of Ilex paraguariensis (Figure 4A). The
broad band observed at ~3231 cm−1 is attributed to O–H stretching, characteristic of
phenolic hydroxyl groups, mainly present in chlorogenic acids and flavonoids [38]. The
band at ~2926 cm−1 is related to aliphatic C–H stretching, while the band at ~1596 cm−1

is attributed to C=C aromatic vibrations and/or conjugated C=O stretching, commonly
associated with phenolic compounds and methylxanthines such as caffeine [46]. The bands
located between 1400 and 1000 cm−1 are associated with C–O and C–O–C stretching,
indicating the presence of esterified phenolics and soluble carbohydrates in the extract [38].

The FTIR spectrum of the film containing I3 (Figure 4B) showed the preservation
of the main bands associated with the bioactive compounds, particularly the aromatic
band at ~1597 cm−1, indicating that phenolic compounds and methylxanthines remained
structurally stable after film processing. In addition, characteristic bands of the starch–
CMC polymeric matrix were clearly identified, including the broad O–H stretching band
(~3200–3400 cm−1), centered around ~3282 cm−1, C–H stretching (~2920 cm−1), and the
C–O and C–O–C vibrations in the fingerprint region (~1140–1000 cm−1), associated with
glycosidic linkages and the polysaccharide backbone. Contributions from carboxylate
groups (–COO−) of CMC were also observed in the region of ~1600–1400 cm−1, consistent
with the band at ~1331 cm−1. [38,46]. The shift in the O–H band to ~3282 cm−1, together
with changes in intensity and profile in the fingerprint region, indicates the occurrence
of intermolecular interactions, mainly hydrogen bonding, between the hydroxyl groups
of starch and CMC and the phenolic compounds present in the I3 extract. These changes
suggest a modification in the hydrogen bonding network of the matrix, which may in-
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fluence the organization and interactions of polymer chains [46]. The absence of new
absorption bands indicates that no covalent interactions occurred between the extract
and the polymeric matrix. However, the observed band shifts and intensity variations
support the formation of molecular associations, confirming that the bioactive compounds
were effectively incorporated into the film matrix. Overall, the FTIR results indicate good
compatibility between the I3 extract and the starch–CMC matrix, which may contribute to
the stability and functional performance of the developed films.

Figure 4. Fourier transform infrared spectroscopy (FTIR): (A) ice fraction 3–I3; (B) biopolymer film
incorporated with the ice fraction 3.

The scanning electron microscopy (SEM) (Figure 5) shows that the film exhibits a
homogeneous, continuous surface at 200× magnification (Figure 5A), indicating proper
formation of the polymeric matrix during the film-forming process. At 500× magnification
(Figure 5B), small particles are observed distributed across the film surface, likely associated
with components of the starch. These particles did not lead to pronounced porosity or
relevant structural defects, suggesting a satisfactory interaction between the I3 and the
polymeric matrix. At higher magnification (1000×, Figure 5C), surface irregularities and
microcracks become visible, which may be related to both the matrix composition and the
conditions used during processing and analysis. This type of discontinuity can be favored
by factors such as higher processing temperatures and lower plasticizer content, which
increase material stiffness and, consequently, increase susceptibility to defect formation
at the micrometric scale. In Figure 5D (400× magnification), the film thickness can be
observed, and the measurements indicate a heterogeneous distribution along the analyzed
cross-section. This variation may be attributed to the components in the polymeric matrix.
Such behavior may be related to the I3’s chemical complexity and the limited solubility of
some of its constituents. Nevertheless, the absence of large-diameter structures or extensive
agglomerations indicates that the dispersion of the I3 was sufficient to maintain matrix
continuity, without compromising the structural integrity of the film. Similar behavior
has been reported for biodegradable films containing plant extracts, in which increased
surface heterogeneity and the presence of structures with varying dimensions across the
film thickness are commonly observed, without necessarily impairing the overall structural
properties when proper integration between matrix components occurs [47–49].
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Figure 5. Scanning electron microscopy (SEM) micrographs: (A) film surface at 200× magnification
(working distance = 1.04 mm); (B) film surface at 500× magnification (working distance = 415 µm);
(C) film surface at 1000× magnification (working distance = 207 µm); (D) film cross-section showing
thickness at 400× magnification (working distance = 519 µm).

3.5. Coloration Parameters and Intelligent Freshness Indicator

The film exhibited high luminance (L = 82.72 ± 0.55*), indicating a light, homogeneous
surface. The a* value (4.80 ± 0.32) showed a slight tendency toward reddish tones, while b*
(22.23 ± 1.30) confirmed the predominance of a yellowish coloration, characteristic of the
incorporation of bioactive compounds from yerba mate. The opacity of 10.98% indicated
that the material remained translucent, meeting the requirements of packaging systems
that demand partial light protection. These results are consistent with those reported by
Jamróz et al. [50], who observed L* values between 73 and 78, a* values from 3.9 to 9.2, and
b* values between 76 and 80 in films containing extract. Chen et al. [51] also observed that
films enriched with phenolic extracts gain a reddish–yellow coloration very similar to that
elaborated in the present manuscript.

Hoffmann et al. [5] reported that color differences between two samples become
visually perceptible when the ∆E value exceeds 5.0. Based on the results presented in
Table 2, the developed film showed ∆E values greater than 5 under all evaluated pH
conditions, confirming visually detectable color changes. This response highlights the
potential use of the film as a pH-sensitive indicator in intelligent food packaging systems,
enabling rapid visual monitoring of quality changes associated with spoilage.

Table 2. Color parameters (CIELAB) and total color difference (∆E) of the film under different
pH conditions.

pH L* a* b* ∆E

4 80.46 a ± 3.50 −1.74 d ± 0.02 16.95 d ± 2.90 8.70 d ± 0.50
7 74.72 b ± 2.11 −3.51 c ± 1.16 20.66 c ± 1.50 11.64 c ± 1.24

10 73.45 b ± 2.58 −4.14 b ± 1.87 28.98 b ± 3.15 14.54 b ± 2.10
12 64.83 c ± 1.36 −8.04 a ± 1.10 46.16 a ± 2.19 32.52 a ± 3.28

Results are expressed as the mean ± standard. a, b, c, d Within a column, different superscript lowercase letters
denote significant differences (p < 0.05). Initial color parameters of film: L0* = 82.72 ± 0.55; a0* = 4.80 ± 0.32;
b0* = 22.23 ± 1.35.

As illustrated, the I3 (Figure 6A) and the film (Figure 6B) exhibit progressive color
changes as pH increases, shifting from lighter yellowish tones under acidic and near-neutral
conditions to more intense green–yellow hues in alkaline environments, particularly at
pH 10 and 12.

This behavior can be attributed to chemical and structural changes in the main bioac-
tive compounds present in yerba mate in response to pH variations. Previous studies report
that pigments and phenolic compounds undergo electronic and structural rearrangements
depending on the medium, as reflected in changes in the UV–Vis absorption profile and,
consequently, in perceived color. Under alkaline conditions, the ionization of phenolic
groups, combined with the relatively higher stability of chlorophylls, promotes increased
absorption in the visible region, leading to more intense coloration [9,38,47,49,52].
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Figure 6. (A) Visual response of ice fraction 3 (I3) to pH variation at pH 4, 7, 10, and 12; (B) color
differences observed in films containing I3 under different pH conditions (pH 4, 7, 10, and 12),
compared with the film containing I3 without pH modification; (C) developed biopolymer film
incorporating I3.

In addition to the direct effect of pH, the parameters used in preparing the yerba mate
extract, such as extraction temperature and the contact time between the plant matrix and
the solvent (water), also play a significant role in the solubilization of bioactive compounds.
Total phenolics, chlorogenic acids, and flavonoids present in high concentrations in yerba
mate contribute significantly to the chromatic response of the system [38,52–55].

The interaction between the chemical composition of the I3 and the surrounding
medium explains the color differences observed across the evaluated pH range. These
findings reinforce the potential of I3 as a functional component in polymeric matrices,
particularly for the development of pH-responsive materials aimed at intelligent and envi-
ronmentally sustainable applications [9,52,55]. Finally, the pH-dependent color transition
is a hallmark of the bioactive compounds present in the I3 extract. Pure biopolymeric films
are typically colorless and exhibit little chemical sensitivity, confirming that I3 acted as a
smart functionalizing agent.

3.6. Biodegradability Test

The biodegradability test was performed by monitoring the degradation of the devel-
oped film through photographic records and mass loss. The biodegradability assay was
conducted using a qualitative approach, in which the degradation of the produced films
was monitored via periodic photographic documentation and mass loss measurements
over time (Figure 7). Circular film specimens with a diameter of 10 cm were monitored for
45 days (Figure 7). Visual inspection revealed progressive deterioration of the material; by
days 8, 12, and 24, the films had lost mechanical integrity and rigidity, indicating partial
degradation. At 32 days, only small residual fragments of the material were observed,
whereas at 45 days, the films had completely disintegrated under soil burial conditions.
The loss of mass was progressive over the days of analysis. On day 8, 18%; on day 12, 27%;
on day 24, 39%; on day 32, 78%; and on day 45, 100%.

The biodegradation mechanism may be described as occurring in three successive
phases. Initially, soluble organic and inorganic components migrate from the film matrix
into the surrounding soil. Subsequently, microbial colonization and enzymatic activity
promote further degradation within the polymeric structure. In the final phase, macro-
scopic changes in the film’s appearance, such as fragmentation and disintegration, become
evident, culminating in complete degradation [5,56]. As we presented in this study, some in-
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dependent studies describe the same three-phase biodegradation mechanism. For example,
Wu et al. [57], Wang et al. [58], and Yu et al. [59] evaluated the biodegradability of microplas-
tics in agricultural soils, studied the degradation of poly(butylene adipate-co-butylene
terephthalate) (PBAT), and determined the mineralization and microbial utilization of
poly(lactic acid) (PLA) microplastics in soil, respectively.

 

Figure 7. Soil biodegradability analysis of the film (day 0, 8, 12, 24, 32, and 45), and mass loss behavior.

Although a progressive mass loss was observed over time, culminating in the complete
disappearance of the samples at 45 days, this result does not necessarily reflect exclusively
microbial biodegradation. Given the relatively high water solubility of the developed films,
a portion of the mass loss, particularly in the initial stages, may be attributed to dissolution
or physical disintegration rather than to biological activity. This aspect is especially relevant
in soil environments with inherent moisture, which can accelerate solubilization processes.
Therefore, the results should be interpreted as indicative of disintegration under soil burial
conditions, rather than definitive evidence of complete biodegradation. Complementary
approaches, such as respirometric analyses (e.g., CO2 evolution), enzyme activity mea-
surements, and soil microbiome characterization, would be necessary to more rigorously
distinguish between abiotic and biotic degradation mechanisms and to provide a more
comprehensive assessment of the films’ biodegradation behavior.
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3.7. Total Phenolic Content and Antioxidant Activity

According to Table 3, the incorporation of the I3 obtained from the freeze concentration
process of yerba mate extract into the film matrix resulted in a material with significant
antioxidant potential, evidenced by both the total phenolic content and the high values
obtained in the antioxidant capacity assays by DPPH and ABTS. The observed total phe-
nolic content (1.01 ± 0.02 mg GAE g−1) indicates that, although the ice fraction is often
considered a less concentrated phase of the freeze concentration process, it preserves rel-
evant amounts of bioactive compounds. Since the starch-CMC matrix does not possess
intrinsic antioxidant capacity or phenolic compounds, the observed values (1.01 mg GAE/g
and high DPPH/ABTS inhibition) are exclusively attributed to the bioactive compounds
retained in the I3 fraction from yerba mate. This behavior can be attributed to the partial
trapping of phenolic molecules in the ice matrix during crystal formation and growth,
a phenomenon already described for aqueous systems rich in polyphenols subjected to
controlled freezing processes [33,60].

Table 3. TPC and antioxidant activity of the biopolymeric film with ice fraction from the freeze
concentration process of yerba mate extract.

Antioxidant Parameter Result

Total phenolic content (mg GAE g−1) 1.01 ± 0.02
DPPH (µmol TE g−1) 2094.00 ± 5.00

ABTS + (µmol TE g−1) 1610.00 ± 8.00

When compared to values reported in the literature for active biodegradable films
incorporating plant extracts, the results obtained in this study are competitive. Films based
on polysaccharides, such as starch and chitosan, with added conventional yerba mate
extract, generally present total phenolic contents ranging from 0.30 to 0.85 mg GAE g−1,
depending on the extract concentration, the extraction method, and the compatibility with
the polymeric matrix. Thus, the observed values suggest that the reuse of the I3 from
freeze concentration constitutes an efficient alternative for the valorization of by-products,
without compromising the phenolic content of the final material [38,61].

The antioxidant activity evaluated by the DPPH method was 2094.00 ± 5.00 µmol TE g−1,
indicating a high capacity to scavenge free radicals. Values of this magnitude are higher
than those reported for most active films developed with plant extracts, which frequently
show activity below 1000 µmol TE g−1 [62]. Studies involving biodegradable films incor-
porating conventional yerba mate extract report intermediate values, generally between
1200 and 1600 µmol TE g−1, mainly attributed to the presence of chlorogenic acids and their
derivatives [63]. Thus, the results suggest that freeze concentration, even when considering
the ice fraction, contributes to the preservation of highly reactive compounds against the
DPPH radical.

Consistent results were observed in the ABTS assay, with a value of 1610.00 ± 8.00 µmol
TE g−1. The ABTS method shows greater sensitivity to hydrophilic and lipophilic
antioxidant compounds, being widely used for the functional characterization of ac-
tive films [62,64]. To better contextualize the antioxidant performance of the devel-
oped film, it is important to compare the present results with those reported for re-
cent active packaging systems. The DPPH (2094.00 ± 5.00 µmol TE g−1) and ABTS
(1610.00 ± 8.00 µmol TE g−1) values obtained in this study were markedly higher than
those reported for several recently developed biodegradable films containing natural an-
tioxidants. For example, Spirulina-incorporated biopolymer films showed antioxidant
activity of up to 320.08 µmol TE g−1 [65], while emulsified collagen/Bambara groundnut
protein films reached approximately 60.45 µmol TE g−1 by DPPH [66]. In oregano-essential-

https://doi.org/10.3390/pr14071122

https://doi.org/10.3390/pr14071122


Processes 2026, 14, 1122 17 of 22

oil-based films, even lower values were reported, with 6.07 µmol TE g−1 for DPPH and
6.64 µmol TE g−1 for ABTS [67].

Although direct comparisons should be interpreted with caution due to differences in
analytical methods, expression of results, and film composition, these data indicate that
the film developed in the present study is positioned in the upper range of antioxidant
performance among recent active packaging materials. This behavior reinforces that the I3
fraction from freeze concentration, despite being a residual stream, retained a sufficient
concentration of phenolic compounds to provide a strong radical-scavenging capacity
when incorporated into the polymeric matrix. These findings highlight the potential of
freeze concentration by-products as competitive alternatives to conventional plant extracts
in active packaging systems.

The difference between the values obtained in the DPPH and ABTS methods is ex-
pected and is related to differences in reaction mechanisms and the selectivity of the radicals
employed, with higher responses commonly observed in the DPPH for systems rich in
simple phenols, such as those predominant in yerba mate [68,69].

The direct relationship between total phenolic content and the high antioxidant activity
observed in this study is consistent with studies reporting a significant positive correlation
between these variables in active biodegradable films, indicating that phenolic compounds
play a central role in the material’s antioxidant functionality. Furthermore, the incorporation
of these compounds into the polymeric matrix may favor their gradual release, expanding
the potential for application in active packaging systems [70–72]. Several manuscripts
clearly demonstrate that incorporating antioxidant and phenolic compounds into polymeric
matrices enables their gradual or sustained release, thereby directly corroborating their use
in active packaging systems. These studies describe diffusion-controlled, matrix-regulated
release, showing that phenolic compounds remain protected within the polymeric network
and are progressively released, providing prolonged antioxidant functionality. Examples
include studies on grape by-product phenolics in polymer matrices (Silva et al. [73]),
phenolic acids in gelatin coatings (Benbettaieb et al. [74]) and in biobased films from Annurca
apple-processing waste (Qamar et al. [75]), and açaí powder-enriched biodegradable starch
films (Maciel et al. [76]).

Based on the results presented, the developed film can be characterized as a functional
biopolymeric film, since it exhibits high antioxidant activity, with the potential to retard
oxidative processes in sensitive foods. Moreover, the use of the ice fraction from the freeze
concentration process represents a sustainable strategy for valorizing by-products, aligned
with the principles of the circular economy and current trends in the development of
functional and environmentally responsible materials for the food industry [33].

4. Conclusions
This study demonstrated the potential for reusing residues generated during the block

freeze-concentration of yerba mate extract through the incorporation of the ice fraction into
a biodegradable biopolymer film. The freeze-concentration process showed progressive
efficiency across the stages, with the third stage presenting the highest concentration factor
and process efficiency. Although considered a dilute phase, the ice fraction retained relevant
amounts of bioactive compounds, enabling its application as a functional component in the
polymeric matrix.

The developed film exhibited suitable physicochemical and mechanical properties
for biodegradable packaging applications, including uniform thickness, moderate tensile
strength, and good flexibility. Structural analyses confirmed the successful incorporation of
yerba mate compounds (ice fraction 3) into the film, with preservation of phenolic struc-
tures and homogeneous distribution within the matrix. In addition, the material showed
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significant antioxidant activity and a colorimetric response to pH variations, indicating
its potential as a responsive material with possible application in active and intelligent
packaging systems. The complete biodegradation observed in the soil test further supports
its environmental compatibility. A limitation of this study is the absence of a control film
prepared under identical experimental conditions (i.e., a starch/CMC matrix without the I3
fraction). Although the base matrix is reported to lack antioxidant and pH-sensitive prop-
erties, its physical and mechanical behavior may vary depending on processing conditions.
Thus, while the results are consistent with the incorporation of the I3 fraction, they should
be interpreted with prudence. Future studies should include an appropriate control film to
enable a more robust assessment of the active fraction’s contribution.

The results indicate that residues from freeze-concentration can be revalorized as
functional additives in biodegradable polymer systems, contributing to the development
of more sustainable and value-added materials for food packaging applications. This
approach enables the utilization of underexplored fractions of the process, adding value
to by-products while reducing waste. These findings demonstrate the feasibility of using
yerba mate ice fractions as active ingredients, providing strong evidence of their role in
developing smart and antioxidant packaging.

From an industrial perspective, the incorporation of these residues represents a promis-
ing strategy for the development of new materials and functional ingredients, aligned with
the growing demand for sustainable solutions and circular economy principles. The poten-
tial application of these materials at an industrial scale reinforces their relevance for the
food packaging sector, particularly in the development of active systems and materials
with responsive properties that may be further explored as intelligent packaging. However,
additional studies are required to confirm this applicability, including the evaluation of
film performance in different food matrices and under various storage conditions, as well
as comparisons with control samples without the addition of the I3 fraction. Future re-
search should also address the scalability of the process to better understand its industrial
feasibility and practical application in real food systems.
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