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Abstract: The ice fraction generated during 
block freeze concentration is commonly 
regarded as a low-value by-product despite 
retaining appreciable amounts of bioactive 
compounds. This study investigated the use 
of the ice fraction (I2) obtained from the 
second stage of block freeze concentration 
of Pinhão failure (Araucaria angustifolia) ex-
tract as a functional additive in biodegrada-
ble starch/carboxymethylcellulose (CMC) 
films. The block freeze concentration pro-
cess showed progressive enrichment of 
gallic acid, with concentration factors of 
9.90, 22.13, and 22.50 for C1, C2, and 
C3, respectively. The second concentration 
stage exhibited the highest process efficien-
cy (53.54%), and its ice fraction (I2) was 
selected for film production. Films con-
taining I2 (FI2) exhibited lower thickness 
and moisture content than the control film, 
while presenting higher water vapor perme-
ability and contact angle values. The incor-
poration of I2 significantly improved tensi-
le strength and elongation at break without 
affecting Young’s modulus. FTIR analysis 
suggested intermolecular interactions be-
tween compounds retained in the ice frac-
tion and the polymeric matrix, while SEM 
micrographs revealed a continuous and 
homogeneous structure. FI2 also exhibi-
ted antioxidant activity and pH-responsive 
color changes, indicating potential applica-
tion as an active and intelligent packaging 
material. Although the incorporation of I2 
slightly delayed biodegradation, complete 
degradation was achieved within 42 days 
under soil burial conditions. These results 
demonstrate that the ice fraction recove-
red from block freeze concentration can be 
successfully valorized as a functional ingre-
dient for the development of sustainable 
biodegradable packaging materials.
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Highlights:

•	 The ice fraction from block freeze con-
centration of Pinhão failure extract was 
successfully valorized.

•	 The second freeze concentration stage 
showed the highest process efficiency 
(53.54%).

•	 Incorporation of I2 improved tensile 
strength and elongation at break of 
starch–CMC films.

•	 FI2 films exhibited antioxidant activi-
ty and pH-responsive behavior, indica-
ting a smart packaging property. 

•	 Complete biodegradation occur-
red within 42 days under soil burial 
conditions.

INTRODUCTION

The ongoing demand for sustainable 
food systems has intensified the search for 
strategies that simultaneously reduce agro-
-industrial waste and develop environmen-
tally friendly food packaging materials. In 
this context, the valorization of agricultural 
by-products is an important pillar of circu-
lar economy principles, contributing to ef-
ficient resource use and minimizing waste 
generation (Carvalho, Ghosh, et al., 2025).

Araucaria angustifolia (Bertol.) Kunt-
ze, commonly known as the Brazilian pine, 
is a native tree species of great ecological, 
cultural, and economic importance in Sou-
thern Brazil. Its seeds, known as Pinhão, are 

widely consumed for their nutritional value 
and used in both traditional and industrial 
food products (Finger et al., 2023). Howe-
ver, the processing and commercialization 
of pinhão generate considerable amounts of 
by-products, including fractions that do not 
meet commercial quality standards. Depen-
ding on harvesting, processing, and sorting 
conditions, a substantial proportion of seeds 
may be discarded due to physical damage, 
irregular size, or defects that reduce their 
market acceptance. The underutilization of 
these fractions represents not only an eco-
nomic loss but also an environmental chal-
lenge associated with agro-industrial residue 
management (Marafon et al., 2025). These 
materials, commonly referred to as pinhão 
failures (non-commercial pinhão fractions), 
consist of fragmented kernels, mechanically 
damaged seeds, irregularly sized fractions, 
and units with physical defects that limit 
their direct commercialization. Despite 
their reduced market value, these fractions 
still contain significant amounts of nutrients 
and bioactive compounds, highlighting the 
need for sustainable alternatives for their 
utilization (Nolasco et al., 2024). 

Previous studies have demonstrated 
that pinhão by-products are rich sources 
of phenolic compounds, antioxidants, and 
other bioactive metabolites with potential 
applications in food, pharmaceutical, and 
packaging industries (Salvadori et al., 2024). 
These compounds are associated with an-
tioxidant activity and may contribute to 
the development of active materials with 
enhanced functionality (Sbruzzi Fiebig et 
al., 2024). Phenolic compounds can act as 
natural radical scavengers, delaying oxidati-
ve reactions in food systems and potentially 
extending product shelf life when incor-
porated into packaging materials. Further-
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more, these compounds may interact with 
polymeric matrices, influencing film struc-
ture and functionality (Asrafali et al., 2026; 
Cazón et al., 2025). Nevertheless, the direct 
use of pinhão failure fractions is limited by 
their high moisture content and susceptibi-
lity to physicochemical and microbiological 
degradation. Consequently, preservation te-
chnologies that can concentrate and protect 
thermolabile compounds are required to 
maximize their technological value. 

Among emerging concentration tech-
nologies, block freeze concentration (BFC) 
has attracted considerable attention as a sus-
tainable alternative to conventional thermal 
evaporation processes (Prestes et al., 2022). 
BFC is based on the controlled freezing of 
a liquid matrix followed by the separation 
of the concentrated liquid phase from the 
ice fraction. Because water crystallizes pre-
ferentially during freezing, solutes become 
concentrated in the unfrozen phase. Com-
pared with thermal concentration methods, 
BFC operates at low temperatures, minimi-
zing the degradation of heat-sensitive com-
pounds and preserving nutritional, sensory, 
and functional characteristics (Carvalho et 
al., 2026; Marafon et al., 2024). This tech-
nology has been successfully applied to fruit 
juices, plant extracts, coffee, wine, and func-
tional beverages, demonstrating its effective-
ness in concentrating bioactive compounds 
while maintaining product quality (Casas-
-Forero et al., 2020; Moreno et al., 2014; 
Vilar-Bustillo et al., 2023).

Traditionally, the ice fraction generated 
during freeze concentration is considered a 
secondary by-product and is frequently dis-
carded. However, several studies have shown 
that some soluble solids, phenolic compou-
nds, and antioxidant molecules may remain 
entrapped within the ice matrix during 

freezing (Pérez-Bermúdez et al., 2025). Its 
exploitation may therefore help maximize 
raw material utilization while enhancing the 
sustainability and economic viability of free-
ze concentration processes. This finding su-
ggests that the ice fraction may still possess 
technological and functional value, creating 
opportunities for its utilization rather than 
disposal. Such an approach aligns with cir-
cular economy principles by promoting the 
complete use of raw materials and reducing 
process losses. Despite this potential, studies 
investigating the technological applications 
of ice fractions obtained from freeze con-
centration processes remain scarce, particu-
larly for agro-industrial by-products. 

The retention of bioactive compounds 
within the ice fraction is influenced by the 
freezing rate, solute composition, and crystal 
growth dynamics (Prestes et al., 2022). As a 
result, this fraction may contain appreciable 
amounts of phenolic compounds, antioxi-
dants, pigments, and other phytochemicals 
that remain entrapped during ice formation 
(Pérez-Bermúdez et al., 2025). Rather than 
being considered a process residue, the ice 
fraction may represent a valuable secondary 
stream capable of providing functional pro-
perties for new biomaterials (Pérez-Bermú-
dez et al., 2025).

Simultaneously, growing environmen-
tal concerns regarding petroleum-based 
plastics have stimulated the development of 
biodegradable packaging materials derived 
from renewable resources (Pérez-Bermúdez 
et al., 2025). Starch-based films have emer-
ged as promising alternatives due to their 
biodegradability, availability, low cost, and 
film-forming ability (Karnwal et al., 2025). 
The incorporation of carboxymethyl cellu-
lose (CMC) can further improve the film’s 
structure and mechanical performance by 
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enhancing polymer interactions (Beghet-
to et al., 2026). Moreover, the incorpora-
tion of plant-derived extracts and bioactive 
compounds into biodegradable matrices 
has enabled the development of active and 
intelligent packaging systems (Cazón et al., 
2025). Phenolic compounds can provide 
antioxidant activity, reducing oxidative de-
terioration and contributing to food preser-
vation, while naturally occurring pigments 
and other phytochemicals may confer res-
ponsiveness to environmental changes, 
allowing color modifications that can po-
tentially serve as indicators of food qua-
lity and storage conditions (Asrafali et al., 
2026). Such characteristics have stimulated 
growing interest in developing multifunc-
tional packaging systems that simultaneous-
ly protect foods and provide information on 
product freshness and quality (Cazón et al., 
2025).

Although freeze concentration has 
been extensively investigated as a method 
for recovering and concentrating valuable 
compounds from plant matrices (Uald-
-lamkaddam et al., 2021), the technologi-
cal valorization of the ice fraction generated 
during this process remains largely unexplo-
red. Most studies have focused on the con-
centrated liquid phase, while the potential 
functionality of compounds retained in the 
ice fraction has received limited attention. 
Furthermore, the use of ice fractions deri-
ved from cryoconcentrated agro-industrial 
by-products as functional additives in bio-
degradable packaging systems has not been 
systematically investigated. No studies have 
reported the use of the ice fraction obtai-
ned from cryoconcentrating pinhão failure 
extracts. Furthermore, little information is 
available on incorporating such fractions 
into biodegradable polymeric matrices for 

packaging applications. Understanding how 
this underexplored fraction influences the 
physical, mechanical, structural, antioxi-
dant, and biodegradation properties of bio-
degradable films is essential for establishing 
new valorization routes for agro-industrial 
residues and advancing sustainable packa-
ging technologies.

It was hypothesized that the ice frac-
tion obtained from the block-freeze con-
centration of pinhão failure extract retains 
enough bioactive compounds to serve as a 
functional additive in starch/CMC biode-
gradable films. The incorporation of this 
fraction is expected to enhance the films’ 
antioxidant properties while maintaining 
adequate structural, mechanical, and biode-
gradation performance, thereby creating an 
innovative route for the valorization of an 
underutilized agro-industrial by-product.

The objective of this study was to 
evaluate the potential application of the ice 
fraction obtained from block freeze concen-
tration of pinhão failure extract as a func-
tional component in starch/CMC biodegra-
dable films. Particular emphasis was placed 
on assessing whether this underexplored 
fraction could contribute to the develop-
ment of active, biodegradable packaging 
materials while simultaneously promoting 
the full valorization of residues generated 
during both pinhão processing and freeze 
concentration. The effects of incorporating 
this fraction on the physicochemical, struc-
tural, mechanical, antioxidant, optical, and 
biodegradation properties of the films were 
investigated to develop sustainable materials 
and promote the valorization of an underu-
tilized agro-industrial by-product.
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MATERIALS AND METHODS

For block freeze concentration, Pinhão 
failure (Araucaria angustifolia), with a par-
ticle size ranging from approximately 16 to 
30 mesh, was obtained from the Non-Tim-
ber Forest Products Technology Laboratory 
at Embrapa Florestas (25°17′30″ S latitude 
and 49°13′27″ W longitude). The film-for-
ming solution was prepared using distilled 
water, corn starch (2000 cps viscosity; Mi-
lhena), glycerol (Neon) as a plasticizer, and 
carboxymethylcellulose (CMC) (food-grade 
off-white powder; viscosity between 50 and 
200 cps; Neon).

Block freeze-concentration 

The Pinhão failure extract was obtained 
according to the methodology established 
by Carvalho et al., with some modifications. 
The aqueous extract was prepared at a 1:10 
(ground Pinhão failure/distilled water) ratio 
in a thermostatic water bath (Tecnal, mo-
del TE-184) at 70 °C for 180 minutes with 
constant mechanical stirring. Subsequently, 
the solids were removed using a voile strai-
ner (Figure 1a). 

Initially, the Pinhão failure extract was 
transferred to 200 mL plastic containers and 
frozen at −20 ± 2 °C. After freezing, appro-
ximately 50% of the original frozen volume 
was recovered as the liquid fraction upon 
melting, corresponding to the first concen-
trate (C1). At the same time, the remaining 
solid phase was identified as the first ice frac-
tion (I1) (Figure 1b). The liquid fraction ob-
tained in the first stage (C1) was then used 
as the feed for the second BFC cycle, yiel-
ding the second concentrate (C2) and the 
second ice fraction (I2) (Figure 1b). There-
after, the concentrate produced during the 
second stage (C2) underwent a third freeze-

-concentration step, yielding the third con-
centrate (C3) and the third ice fraction (I3) 
(Figure 1b) (Canella et al., 2018).

Figure 1. (a) Pinhão failure extract, and gravi-
tational-assisted block freeze concentration; (b) 
Schematic representation of the freeze concen-

tration process applied to Pinhão failure extract. 
C1, C2, and C3 correspond to the concentrates 

obtained in stages 1, 2, and 3, respectively, while 
I1, I2, and I3 represent the ice fractions genera-

ted during each respective stage.

Block freeze-concentration 
process parameters 

The performance of the freeze concen-
tration process was evaluated by determi-
ning the concentration factor (CF) (Aider 
& Ounis, 2012), with minor adaptations, 
according to Equation (1):
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(1)

AGₙ denotes the gallic acid concen-
tration (mg 100 mL⁻¹) in the concentrated 
Pinhão failure extract after each freeze-con-
centration stage, whereas AG₀ represents the 
gallic acid concentration (mg 100 mL⁻¹) in 
the initial extract prior to concentration.

Process efficiency (PE) was calculated 
based on the distribution of gallic acid be-
tween the concentrated and ice fractions 
obtained at the end of each freeze-concen-
tration stage, according to Equation (2):

(2)

AGc represents the gallic acid concen-
tration (mg 100 mL⁻¹) in the concentrated 
fraction, while AGi represents the gallic acid 
concentration (mg 100 mL⁻¹) in the ice 
fraction after each concentration cycle.

The ice impurity index was determi-
ned from the gallic acid concentration re-
tained in the ice fraction, representing the 
amount of concentrated solutes entrapped 
within the frozen matrix. This parameter 
was expressed as the ratio of the gallic acid 
concentration in the ice fraction to that 
observed in the concentrated extract at the 
end of each freeze-concentration stage. The 
impurity index for each cycle was calculated 
using Equation (3):

(3)

Film-forming solution preparation 

The films were produced using the 
casting technique (Carvalho et al., 2026; 
Usman et al., 2016). Initially, 24 g of corn 
starch was dispersed in 400 mL of distilled 
water under continuous mechanical stir-
ring. Subsequently, glycerol (13.3 g), used 
as a plasticizing agent, and 2.4 g of carboxy-
methylcellulose (CMC) were added to the 
suspension. The mixture was heated to 50 
°C and maintained under constant agitation 
for approximately 15 min to ensure comple-
te homogenization.

Thereafter, the temperature progressi-
vely increased to 80 °C and was maintained 
for 30 min to promote starch gelatinization 
and the formation of a uniform film-for-
ming dispersion. Subsequently, the system 
temperature was elevated to 90 °C and 
maintained for an additional 15 min. 

After cooling the film-forming solu-
tion to 40 ± 2 °C, two formulations were 
prepared. For the active film, 150 mL of the 
melted ice fraction from the second freeze-
-concentration stage (I2) was incorporated 
into the dispersion. In parallel, a control 
film was prepared under the same proces-
sing conditions, without the addition of the 
I2 fraction.

Both formulations (control and 
I2-containing films) were subsequently 
poured into glass plates at a density of 0.08 
g cm⁻² and dried in a forced-air circulation 
oven at 45 ± 2 °C for 24 h. 

The control film formulation was de-
signated as C, whereas the film incorpo-
rating the ice fraction obtained from the 
second freeze-concentration stage (I2) was 
designated as FI2.
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Physical properties 

To investigate the physical properties 
of the developed materials, the films (C 
and FI2) were characterized for thickness, 
moisture content, water vapor permeability 
(WVP), and contact angle. 

Film thickness was determined using 5 
cm × 5 cm specimens, with measurements 
taken at five points with a digital microme-
ter (model 02.0005, ZAAS). Moisture con-
tent was quantified by drying samples with 
previously determined mass in a forced-air 
oven (Fanem Ltda.) at 105 °C until a cons-
tant weight was reached (Carvalho, Hof-
fmann, et al., 2025; Mueller et al., 2025). 

The water vapor permeability (WVP) 
of the films was determined using a metho-
dology adapted from Hoffmann et al. Water 
vapor permeability (WVP) was determined 
by placing 40 g of anhydrous silica gel in 
50 mL centrifuge tubes, which were then 
hermetically sealed with the respective film 
samples. The sealed systems were stored in a 
desiccator at 25 °C containing distilled wa-
ter to maintain 100% relative humidity. The 
tubes were weighed every 30 min for a total 
of 4 h. The increase in mass over time was 
recorded, and the water vapor transmission 
rate (ΔW/Δt) was obtained from the slope 
of the linear regression of mass gain versus 
time. The WVP values were calculated ac-
cording to Equation 4, in which ΔW/Δt is 
the slope of the mass gain curve, δ is the 
film thickness (m), A is the exposed perme-
ation area (m²), and ΔP is the water vapor 
pressure difference between the two sides of 
the film and pure water at 25 °C (Pa).

(4)

Contact angle measurements were 
performed based on the method proposed 
by Jorge et al., with slight modifications. 
Images were obtained using a USB digital 
microscope with a magnification capability 
of up to 1000×. For the analysis, a 10 μL 
droplet of distilled water was placed onto 
the film surface, and images of the liquid-
-surface interaction were recorded immedia-
tely after deposition (0 s) and after 180 s. 
The contact angle values were subsequently 
determined using ImageJ software. 

Mechanical properties

The mechanical behavior of the films 
was characterized using a universal testing 
machine (INSTRON EMIC 23-100) in 
accordance with the ASTM D882 standard 
method (ASTM D882, 2018). The ma-
ximum rupture force and tensile strength 
were determined using Bluehill Universal 
software.

Film samples were fixed between two 
pneumatic grips (EMIC, model GR052; 
maximum load capacity of 5 kN) and sub-
jected to tensile assays at a constant defor-
mation rate of 1.0 mm s⁻¹.

Tensile strength (TS), elongation at 
break (EB), and Young’s modulus (E) were 
determined according to Equations (5), (6), 
and (7), respectively.

(5)

(6)

(7)
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F corresponds to the maximum ruptu-
re force (N); δ represents the mean film thi-
ckness (mm); L refers to the specimen wid-
th (mm); ΔL indicates the elongation at the 
breaking point (mm); L₀ corresponds to the 
initial length of the film specimen (mm); σ 
represents tensile strength (MPa); and ε de-
notes the strain at break (mm/mm).

Structural properties

The thermal behavior of the films was 
investigated by thermogravimetric analysis 
(TGA). The samples were heated from room 
temperature up to 500 °C at a heating rate 
of 10 °C min⁻¹ under an argon atmosphere 
with a flow rate of 100 mL min⁻¹. Thermo-
gravimetric (TGA) and derivative thermo-
gravimetric (DTG) curves were generated 
and subsequently analyzed using Origin 8.5 
software (Mueller et al., 2025).

Fourier-transform infrared spectrosco-
py (FTIR) analyses were carried out using a 
Vertex 70 spectrometer (Bruker, Germany) 
coupled with an attenuated total reflectance 
(ATR) accessory. Spectra were collected over 
the range 400–4500 cm⁻¹ at a resolution of 
4 cm⁻¹, with 16 scans per sample. The ob-
tained spectra were processed using OPUS 
software (Bruker) to qualitatively characteri-
ze the functional groups present in the films 
(Carvalho et al., 2026).

The morphological characteristics of 
the films, including surface topology and 
cross-sectional structure, were evaluated 
by scanning electron microscopy (SEM) 
using a VEGA 3 microscope (Tescan). Be-
fore analysis, the samples were coated with 
a thin gold layer employing a Q150R ES 
sputter coater (Quorum). Micrographs 
were obtained under an accelerating voltage 
of 10 kV. Surface images were recorded at 
magnifications of 200×, 500×, and 1000×, 

whereas cross-sectional images were acqui-
red at 400× magnification (Hoffmann et al., 
2022).

Colorimetric properties and pH-
responsive freshness indicator 

Color parameters were determined 
using a sphere spectrophotometer (SP60, 
Lovibond) (Carvalho et al., 2026). Color 
measurements were performed according 
to the CIELAB color system, in which L* 
represents lightness, varying from black (0) 
to white (100); a* indicates the color varia-
tion between green (negative values) and red 
(positive values); and b* corresponds to the 
chromatic scale ranging from blue (negative 
values) to yellow (positive values).

The FI2 formulation was evaluated for 
its pH-responsive freshness-indicator pro-
perties. The films were immersed in buffer 
solutions at pH 4, 7, 10, and 12 to investiga-
te their intelligent response through visually 
perceptible color variations. Colorimetric 
parameters (L*, a*, and b*) were determined 
using a sphere spectrophotometer (SP60, 
Lovibond). The total color difference (ΔE) 
was calculated according to Equation (9), 
where L₀, a₀, and b*₀ represent the initial 
color coordinates of the films before expo-
sure to the different pH conditions (Mueller 
et al., 2024). 

Soil burial degradation test 

The biodegradation behavior of the 
films was evaluated by burying the samples 
in vegetable compost soil under natural en-
vironmental conditions. Circular specimens 
with a diameter of 10 cm were used for the 
assay. The degradation study was carried out 
over 42 days, and the biodegradation pro-
cess was qualitatively monitored via pho-
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tographic records. Additionally, the loss of 
sample mass was periodically determined 
throughout the experimental period (Car-
valho et al., 2026).

Determination of total phenolic 
content and antioxidant activity

The antioxidant potential of the films 
(C and FI2) was evaluated by determining 
total phenolic content and assessing radi-
cal-scavenging activity against DPPH and 
ABTS radicals.

Total phenolic content was quantified 
using the Folin-Ciocalteu colorimetric me-
thod, employing gallic acid as the analytical 
standard (Singleton & Rossi, 1965). A cali-
bration curve was prepared using gallic acid 
solutions at concentrations ranging from 
1.0 to 9.0 mg L⁻¹, presenting satisfactory 
linearity (R² = 0.99). Aliquots of the sample 
extracts (0.1- 1.0 mL) were transferred into 
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 the reaction period, absorbance values 
were measured at 720 nm using a UV–Vis 
spectrophotometer (Shimadzu UV-1800, 
Kyoto, Japan). The results were expressed 
as milligrams of gallic acid equivalents per 
gram of film (mg GAE g⁻¹).

The scavenging activity against the 
DPPH radical was determined by moni-
toring the reduction of 2,2-diphenyl-1-
picrylhydrazyl in the presence of antioxi-
dant compounds contained in the samples. 
The decrease in absorbance was measured at 
517 nm. Antioxidant activity was quantified 
using a Trolox standard curve, and the re-
sults were expressed as micromoles of Trolox 
equivalents per gram of film (µmol TE g⁻¹) 
(Brand-Williams et al., 1995).

The ABTS radical cation scavenging 
capacity was evaluated by assessing the abili-
ty of antioxidant compounds to donate hy-
drogen atoms or electrons to neutralize the 
ABTS⁺ radical (Re et al., 1999). Absorbance 
readings were obtained at 734 nm, and an-
tioxidant activity was calculated using Tro-
lox as the reference compound. The results 
were expressed as µmol TE g⁻¹ of film.

Statistical analysis

Statistical analyses were performed 
using Statistica software (version 13.5, TI-
BCO). All determinations were carried out 
in triplicate, and the results were expressed 
as mean values ± standard deviation. Dif-
ferences between treatments were assessed 
by one-way analysis of variance (ANOVA). 
When statistically significant differences 
were detected, Tukey’s post hoc test was 
used to compare means. Statistical signifi-
cance was established at p < 0.05 (Prestes, 
Marafon, et al., 2024).

RESULTS AND DISCUSSION

Block freeze-concentration 
parameters

Throughout the block freeze-concen-
tration process, the concentration factor 
increased progressively as the concentration 
stages advanced, with values of 9.90, 22.13, 
and 22.50 for C1, C2, and C3, respectively. 
This behavior demonstrates the gradual en-
richment of gallic acid in the concentrated 
fractions (Table 1). Furthermore, the second 
concentration stage exhibited the highest 
process efficiency (53.54 ± 0.10), indicating 
greater separation efficiency than the other 
stages and highlighting this step as the most 
effective phase of the freeze concentration 
process.
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The higher efficiency observed in the 
second stage may be attributed to more ef-
fective separation of ice crystals from the 
concentrated liquid fraction. In the first sta-
ge, part of the gallic acid may remain retai-
ned in the ice due to the high water content 
of the extract. In contrast, during the third 
stage, the increase in solute concentration li-
kely increased the viscosity of the concentra-
ted fraction, reducing the efficiency of mass 
and heat transfer within the system (Aider 
& Ounis, 2012). As a consequence, the for-
mation of purer ice crystals becomes more 
difficult, favoring the entrapment of solutes 
in the ice fraction and decreasing the ove-
rall efficiency of the freezing concentration 
process. Therefore, the second stage likely 
provided the most favorable conditions for 
gallic acid concentration while minimizing 
solute retention in the ice phase (Aider & 
Ounis, 2012; Prestes, Andrade, et al., 2024).

In studies, the performance of acerola 
pulp (Malpighia emarginata DC) during blo-
ck freeze concentration was evaluated, with 
emphasis on the retention and concentration 
of bioactive compounds throughout the pro-
cess. The concentrate obtained in the third 
freeze concentration stage showed the grea-
test enrichment, yielding the highest concen-
tration factor compared with the preceding 
stages, with values of 127 for C1, 181 for C2, 
and 270 for C3 (Marafon et al., 2024).

A similar behavior was reported for 
cold-pressed guabiroba juice subjected to 
block-freeze concentration, in which the 
concentration factor increased from 1.6 
in the first stage to 2.1 in the second sta-
ge, demonstrating progressive enrichment 
of soluble solids and bioactive compounds 
throughout the concentration process (Pres-
tes, Andrade, et al., 2024; Prestes, Marafon, 
et al., 2024). 

A comparable trend was observed du-
ring the block freeze concentration of yerba 
mate extract, where the concentration factor 
progressively increased throughout the pro-
cess, reaching its highest value in the third 
stage. The reported CF values were 1.26, 
2.08, and 3.05 for stages 1, 2, and 3, res-
pectively, demonstrating the gradual accu-
mulation of gallic acid in the concentrated 
fractions (Carvalho et al., 2026).

The use of the ice fraction obtained 
from the second freeze concentration sta-
ge (I2) represents a promising strategy for 
the valorization of process by-products. The 
C2 concentrate was selected for preliminary 
application tests, which indicated promising 
performance (data not shown). Although 
some bioactive compounds were retained 
in the ice fraction, as evidenced by an ice 
retention value of 46.46%, this fraction still 
contained compounds of technological and 
functional interest, enabling its subsequent 
application in the development of active fil-
ms (Prestes, Marafon, et al., 2024).

The second freeze concentration stage 
achieved the highest process efficiency, indi-
cating a more favorable balance between so-
lute concentration and separation efficiency. 
In addition, limiting the process to two sta-
ges may offer an important economic ad-
vantage, since additional freeze concentra-
tion stages generally require higher energy 
consumption and longer processing times, 
without necessarily yielding proportional 
gains in process performance (Boaventura 
et al., 2013; Prestes, Marafon, et al., 2024).

From a sustainability perspective, 
reusing the I2 fraction helps reduce pro-
cess waste and promotes the valorization of 
materials commonly classified as secondary 
fractions. Incorporating this fraction into 
the FI2 film formulation demonstrates its 
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Stage Sample Gallic Acid 
(mg L−1) CF EP (%) Impurity of 

the Ice (%)

0 Pinhão failure extract 1.06 dD ± 0.01 - - -

1
C1 10.5 c ± 0.01 9.90 c ± 0.01 12.57 c ± 0.20 -
I1 9.18 C ± 0.01 - - 87.43 a ± 0.01

2
C2 23.46 b ± 0.01 22.13 b ± 0.01 53.54 a ± 0.10 -
I2 10.9 B ± 0.01 - - 46.46 c ± 0.01

3
C3 23.85 a ± 0.01 22.5 a ± 0.01 46.88 b ± 0.20 -
I3 12.67 A ± 0.01 - - 53.12 b ± 0.01

Table 1. Process efficiency and concentration factor of block freeze concentration of Pinhão failure

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 Pinhão failure 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 Pinhão failure extract and the I1, I2, and I3 fractions.

Physical properties C FI2

Thickness (mm) 0.32 a ± 0.05 0.22 b ± 0.05
Moisture content (%) 36.17 a ± 0.01 27.03 b ± 0.01
Water vapor permeability (g H2O·m−1·s−1·Pa−1) (4.90 b ± 0.01) × 10−8 (5.80 a ± 0.01) × 10−7

Table 2. Physical properties of the control sample (C) and film containing ice fraction 2 (FI2)

Results are expressed as the mean ± standard. a, b Within a line, different lowercase superscript letters 
denote significant differences (p < 0.05) between the control sample and the film with the ice fraction 

from the freeze concentration process of Pinhão failure extract.

potential as a functional ingredient for pro-
ducing high-value, biodegradable materials, 
thereby aligning with sustainable processing 
approaches (Carvalho, Ghosh, et al., 2025).

Physical properties

The addition of the I2 fraction reduced 
film thickness, with FI2 at 0.22 mm and C 
at 0.32 mm (Table 2). This result may reflect 
the increased fluidity of the film-forming 
solution after incorporating I2, allowing the 
dispersion to spread more easily during cas-
ting. As a result, a thinner, more uniformly 
distributed film layer formed after drying. A 
similar outcome was reported by de Oliveira 
et al. observed a reduction in the thickness 
of rice starch/nanocellulose films after incor-
porating Amaranthus viridis extract, from 

80 to 50 μm, which was associated with the 
formation of a more compact structure. Li-
kewise, incorporating aqueous fruit extracts 
into starch-based films can modify the rheo-
logical behavior of film-forming dispersions, 
promoting greater spreading during casting 
and resulting in thinner film structures (Ku-
pervaser et al., 2023).

A lower moisture content was obser-
ved in the FI2 film than in the C (Table 
2). This reduction may be associated with 
interactions between compounds in the I2 
fraction and the polymeric matrix, which 
likely reduced the availability of hydrophi-
lic sites that retain water molecules within 
the film. In addition, the incorporation of 
soluble compounds may have promoted a 
more compact matrix organization, thereby 
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limiting water retention. Similar behavior 
was reported by de Oliveira et al. observed 
a decrease in moisture content after incor-
porating plant extracts into starch-based fil-
ms, attributing this effect to structural rear-
rangements within the polymeric network. 
Studies also demonstrated that the moisture 
content of starch films is strongly influenced 
by structural organization and intermolecu-
lar interactions within the matrix, thereby 
directly affecting water retention capacity 
(Suh et al., 2020). 

It was observed that the films exhibited 
increased water vapor permeability (WVP), 
with FI2 showing a value significantly higher 
than that of the control film. This behavior 
may be associated with the incorporation of 
hydrophilic soluble compounds from the I2 
fraction into the polymeric matrix, which 
may have increased the affinity of the film 
for water molecules and favored water vapor 
transport. Although SEM images indica-
ted that FI2 maintained a continuous and 
compact surface morphology, the presence 
of polar compounds within the matrix may 
have increased molecular mobility and cre-
ated preferential pathways for water vapor 
diffusion. Therefore, the higher WVP ob-
served for FI2 appears to be more related 
to changes in the chemical affinity of the 
matrix for water than to the formation of 
visible structural defects. The incorporation 
of natural additives into starch films can in-
crease water vapor permeability because of 
modifications in matrix organization and 
increased hydrophilicity of the system (Sin-
gh et al., 2024). 

The FI2 film exhibited higher water 
contact angles than the control sample (C) 
at both evaluation times, indicating reduced 
surface wettability after incorporation of the 
I2 fraction (Table 3). At 0 s, the contact an-

gles of FI2 were 59.4° and 62.6°, whereas 
the control film showed 33.7° and 35.6 °, 
respectively. After 180 s, FI2 maintained hi-
gher contact angles (55.1° and 59.5°) than 
C (28.3° and 35.3°).

The reduction in contact angle over 
time indicates greater spreading of the wa-
ter droplet and/or progressive penetration 
of water into the polymeric matrix, which 
is characteristic of films rich in hydroxyl 
groups, such as starch, CMC, and glycerol 
(Figure 2). These compounds strongly inte-
ract with water molecules through hydrogen 
bonding. In general, contact angle measu-
rements are used to assess a surface’s hydro-
phobicity: higher values indicate greater 
hydrophobicity, while values below 90° are 
characteristic of hydrophilic materials. In 
the present study, all films exhibited contact 
angles below 90°, confirming the hydro-
philic nature of the polymeric matrix and 
its affinity for water, consistent with the re-
duction in contact angle observed between 
0 and 180 s (Regmi & Janaswamy, 2024).

However, the smaller reduction obser-
ved for FI2 suggests that incorporating the 
I2 fraction reduced the interaction between 
the film surface and water molecules. This 
behavior may be associated with structu-
ral modifications induced by compounds 
present in the I2 fraction, which may have 
reduced the exposure of hydrophilic groups 
on the film surface and promoted a more 
organized polymeric network. A similar ten-
dency was observed in starch-based intelli-
gent films incorporating natural residues, in 
which the addition of bioactive compounds 
altered surface interactions and wettability 
by modifying the structural organization of 
the polymeric matrix (Ramírez et al., 2012).
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Water contact 
angles

Time

0 s 180 s

Sample Left angle Right angle Left angle Right angle

C (°) 33.7 b ± 0.01 35.6 b ± 0.01 28.3 b ± 0.01 35.3 b ± 0.01
FI2 (°) 59.4 a ± 0.01 62.6 a ± 0.01 55.1 a ± 0.01 59.5 a ± 0.01

Table 3. Water contact angles of the control sample (C) and film containing ice fraction 2 (FI2)

Results are expressed as the mean ± standard. a, b Within a column, different lowercase superscript 
letters denote significant differences (p < 0.05) between the control sample and the film with the ice 

fraction from the freeze-concentration process of Pinhão failure extract.

Figure 2. Water contact angle measurements of the films at different evaluation times: (a) control film 
(C) at 0 s; (b) control film (C) at 180 s; (c) FI2 film at 0 s; and (d) FI2 film at 180 s.

Mechanical properties C FI2

Tensile strength (MPa) 1.64 b ± 0.01 2.65 a ± 0.01
Elongation at break (%) 37.50 b ± 0.01 57.65 a ± 0.01
Young’s Modulus (MPa) 3.81 a ± 0.01 4.00 a ± 0.01

Table 4. Mechanical properties of the control sample (C) and film containing ice fraction 2 (FI2)

Results are expressed as the mean ± standard. a, b Within a line, different lowercase superscript letters 
denote significant differences (p < 0.05) between the control sample and the film with the ice fraction 

from the freeze-concentration process of Pinhão failure extract.

Mechanical properties

The incorporation of the I2 fraction 
improved the mechanical performance of 
the films, particularly tensile strength and 
elongation at break (Table 4). FI2 showed 
higher tensile strength (2.65 MPa) than the 
control film (1.64 MPa), indicating greater 
resistance to rupture. In addition, elonga-
tion at break increased from 37.50% in C 

to 57.65% in FI2, suggesting that incor-
porating I2 increased film flexibility and 
allowed greater deformation before rupture. 
However, Young’s modulus did not differ 
significantly between the formulations, in-
dicating that the stiffness of the polymeric 
matrix was not substantially affected by the 
addition of I2. FI2 exhibited improved re-
sistance and flexibility while maintaining a 
rigidity similar to that of the control film.
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Similar behavior was reported by Cha-
vez-Marquez et al. observed that incorpo-
rating anthocyanins and molle essential oil 
into potato starch films increased tensile 
strength and elongation at break, attributed 
to improved compatibility and intermole-
cular interactions within the polymeric ne-
twork. Priyadarshi & Rhim demonstrated 
that incorporating bioactive compounds 
into biodegradable starch films can enhan-
ce mechanical resistance and flexibility by 
promoting stronger interactions between 
polymer chains, without significantly alte-
ring film rigidity. These findings support the 
results obtained for FI2, suggesting that the 
compounds present in the I2 fraction con-
tributed to the reinforcement and stabiliza-
tion of the polymeric matrix.

Structural properties

The TGA/DTG curves showed dis-
tinct thermal behaviors between the con-
trol film and FI2. The control film exhibi-
ted higher thermal stability, with the main 
thermal degradation event starting at appro-
ximately 410 °C and ending near 510 °C 
(Figure 3a,b). This event was also confirmed 
by the DTG curve, which showed an inten-
se and well-defined mass loss peak around 
480-490 °C, indicating the major decom-
position of the starch/CMC/glycerol poly-
meric matrix.

The lower degradation temperature 
observed for FI2 may be related to the pre-
sence of low-molecular-weight compounds 
and soluble constituents retained in the I2 
fraction, which are generally more thermo-
labile than the polysaccharide matrix (Figu-
re 3c,d). Similar behavior has been reported 
in starch-based films containing natural 
extracts or bioactive additives, where incor-
porating these compounds altered the ther-

mal degradation profile due to changes in 
polymer–additive interactions and the pre-
sence of components with different thermal 
resistances. Studies have reported that incor-
porating bioactive compounds into biode-
gradable films can modify the thermal beha-
vior of the polymeric matrix, depending on 
the compatibility and interactions between 
the added compounds and the biopolymer 
network (Priyadarshi & Rhim, 2020). San-
thosh et al. also emphasized that thermal 
stability in starch-based films is strongly in-
fluenced by the polymer source, plasticizer, 
and incorporated bioactive compounds. 

The DTG curve of the control film 
showed a more intense and well-defined 
peak, suggesting a more uniform degrada-
tion process of the base matrix. Conversely, 
FI2 exhibited a broader degradation profile 
at lower temperatures, suggesting a more 
complex thermal decomposition process, 
likely due to the simultaneous degradation 
of starch/CMC/glycerol and compounds 
introduced by the I2 fraction. Similar beha-
vior was described by Charles et al. in chito-
san-starch films containing natural extracts, 
where the addition of plant extracts altered 
the films’ thermal degradation pattern due 
to interactions between the polymeric ma-
trix and the extract components. 

Although FI2 showed lower thermal 
stability than the control film, its primary 
degradation event occurred above 200 °C, 
a temperature typically encountered during 
storage and in most food packaging applica-
tions. Therefore, incorporating I2 modified 
the thermal degradation profile but did not 
necessarily compromise the material’s appli-
cability as a biodegradable food packaging 
film.
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(a)

(b)

(c)
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(d)

Figure 3. Thermogravimetric (TGA) and derivative thermogravimetric (DTG) curves of the analyzed 
films: (a) TGA curve of the control film (C); (b) DTG curve of the control film (C); (c) TGA curve of 

the FI2 film; and (d) DTG curve of the FI2 film.

Figure 4. FTIR spectra of the analyzed samples: (A) control film; (B) pinhão failure ice fraction from 
the second freeze concentration stage (I2); and (C) FI2 film sample.
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The FTIR spectra of the control film 
(C) and the film containing the ice fraction 
from the second freeze concentration stage 
(FI2) exhibited similar absorption profiles, 
indicating that incorporating the I2 frac-
tion did not substantially alter the chemi-
cal structure of the polymeric matrix. Both 
films exhibited a broad absorption band at 
approximately 3276-3277 cm⁻¹, attributed 
to O-H stretching vibrations of starch, car-
boxymethylcellulose, glycerol, and adsorbed 
water molecules (Figure 4a,c). The bands 
observed near 2925-2926 cm⁻¹ correspond 
to C-H stretching vibrations of aliphatic 
groups, while the absorptions located around 
1150-1151 and 1076-1077 cm⁻¹ are charac-
teristic of C-O and C-O-C stretching vibra-
tions typically found in polysaccharide-based 
materials. Furthermore, the bands identified 
near 1596 cm⁻¹ and 1331-1332 cm⁻¹ are 
associated with carboxylate groups and mo-
lecular interactions commonly observed in 
starch–CMC matrices (Kizil et al., 2002).

The spectrum of the I2 fraction showed 
characteristic bands at 3248, 1741, 1597, 
1392, 1255, and 1048 cm⁻¹ (Figure 4b), in-
dicating the presence of hydroxyl-, carbonyl-, 
and ether-containing compounds retained 
during the freeze-concentration process (Kizil 
et al., 2002). Although these bands were not 
clearly observed in the FI2 spectrum, likely 
due to overlap with the intense signals from 
starch and CMC, slight shifts were detected 
in the fingerprint region after incorporation 
of the I2 fraction. In particular, the bands 
located at 999 and 924 cm⁻¹ in the control 
film shifted to 997 and 926 cm⁻¹, respecti-
vely, in FI2. Similar shifts have been reported 
in starch-based films containing natural addi-
tives and are generally associated with inter-
molecular interactions between the incorpo-
rated compounds and the polymeric matrix 
(Pelissari et al., 2014; Sapper et al., 2019).

The absence of new absorption bands 
indicates that incorporating the I2 fraction 
did not induce significant chemical modifi-
cations in the film structure. Similar beha-
vior has been reported for starch-based films 
containing natural additives, where the ab-
sence of new bands, combined with slight 
shifts in characteristic absorption regions, 
was attributed to intermolecular interac-
tions, particularly hydrogen bonding, ra-
ther than to the formation of new covalent 
bonds (Pelissari et al., 2014; Sapper et al., 
2019). According to these authors, interac-
tions between hydroxyl-rich compounds 
and polysaccharide chains can alter the or-
ganization of the polymeric network while 
preserving its original chemical identity.

These findings are consistent with the 
physicochemical, mechanical, and mor-
phological properties observed for FI2. The 
intermolecular interactions suggested by 
the FTIR results may have contributed to 
the lower moisture content, higher tensile 
strength, and more compact morphology 
observed by SEM. Similar relationships be-
tween enhanced intermolecular interactions 
and improvements in film cohesion, bar-
rier properties, and structural stability have 
been reported in starch-based biodegradable 
films containing plant-derived compounds 
(Pelissari et al., 2014; Sapper et al., 2019). 
Therefore, the FTIR results indicate that the 
I2 fraction served as a functional additive, 
modifying the structural organization of 
the starch-CMC matrix without altering its 
fundamental chemical structure.

Scanning electron microscopy (SEM) 
micrographs are presented in Figure 5. Both 
samples exhibited continuous, homoge-
neous surfaces with no evident structural 
defects. The control film (Figure 5a) showed 
a relatively uniform matrix at both 200× 
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and 1000× magnifications, with small irre-
gularities distributed across the surface, fea-
tures commonly reported in biodegradable 
films (Carvalho et al., 2026; Gómez-Bachar 
et al., 2024; Sanchez et al., 2024).

The incorporation of the ice fraction 
did not significantly alter the material’s sur-
face morphology. SEM images of the FI2 
film (Figure 5b) revealed a similarly conti-
nuous and compact surface. The absence of 
pores or visible discontinuities suggests that 
the compounds derived from the ice frac-
tion were adequately dispersed within the 
polymeric matrix during film formation. 
The most evident differences between the 
samples were observed in the cross-sectional 
morphology. While the control film exhibi-
ted a relatively uniform internal structure 
throughout its thickness, FI2 showed a more 
heterogeneous cross-sectional organization. 
This behavior may be associated with the 
incorporation of compounds present in the 
ice fraction, such as soluble solids and other 
low-molecular-weight constituents, which 
may have influenced the arrangement of the 
starch-CMC network during film forma-
tion and drying. Despite the greater hete-
rogeneity observed in the cross-section, no 
cracks, pores, phase separation, or structu-
ral discontinuities were detected, indicating 
good compatibility between the incorpora-
ted compounds and the polymeric matrix. 
Therefore, the incorporation of I2 modified 
the internal organization of the film while 
preserving the structural integrity and conti-
nuity of the material (Gómez-Bachar et al., 
2024; Sirbu et al., 2024).

Similar results have been reported for 
biodegradable films containing plant extracts 
and other sources of bioactive compounds, 
in which incorporating these components 
promotes changes in microstructural orga-

nization and increases cross-sectional rou-
ghness. These modifications are generally 
attributed to the interactions established be-
tween the incorporated compounds and the 
polymer chains, which influence molecular 
packing and the structural organization of 
the matrix during film formation (Carva-
lho et al., 2026; Gómez-Bachar et al., 2024; 
Sanchez et al., 2024; Sirbu et al., 2024).

Colorimetric properties and pH-
responsive freshness indicator 

The incorporation of the ice fraction 
obtained from freeze concentration signi-
ficantly affected the optical properties of 
the films (Table 5 and Figure 6). The con-
trol film (C) exhibited high lightness (L* 
= 88.44) and low a* (1.19) and b* (2.70) 
values, resulting in a translucent, slightly 
yellowish appearance. In contrast, the film 
containing the ice fraction (FI2) showed a 
significant decrease in lightness (L* = 68.73) 
and a marked increase in both a* (24.13) 
and b* (44.54), resulting in a more intense 
orange coloration (Figure 6a).

These changes can be attributed to the 
incorporation of compounds present in the 
ice fraction, including phenolic compounds 
and natural pigments retained during the 
freeze concentration process (Prestes et al., 
2022; Silveira Hornung et al., 2020). The 
presence of these compounds increases li-
ght absorption in the visible region of the 
spectrum, reducing film transparency and 
enhancing color intensity. Similar results 
have been reported for biodegradable films 
incorporating plant extracts rich in bioac-
tive compounds, in which the addition of 
phenolic compounds led to decreased light-
ness and increased color saturation (Carva-
lho et al., 2026; Priyadarshi & Rhim, 2020; 
J. Zhang et al., 2024).
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Figure 5. Scanning electron microscopy (SEM) micrographs of the films: (a) control film surface at 
200× and 1000× magnification, and cross-sectional morphology at 400×; (b) FI2 film surface at 200× 

and 1000× magnification, and cross-sectional morphology at 400×.

Sample L* a* b* ΔE

C 88.44 a ± 0.35 1.19 f ± 0.03 2.70 f ± 0.15 -
FI2 68.73 b ± 1.86 24.13 a ± 1.45 44.54 d ± 1.89 -

FI2 – pH 4 64.53 c ± 2.58 9.06 e ± 1.05 47.62 c ± 2.51 15.94 c ± 1.00
FI2 – pH 7 58.97 d ± 3.62 13.47 d ± 1.60 43.63 e ± 2.96 14.48 c ± 1.24
FI2 – pH 10 49.62 e ± 3.89 19.64 c ± 2.01 50.23 a ± 3.07 20.44 b ± 2.10
FI2 – pH 12 43.47 f ± 4.01 21.42 b ± 2.00 49.62 b ± 2.55 25.91 a ± 2.08

Table 5. Color parameters (CIELAB) and total color difference (ΔE) of the control sample 
(C), film (FI2), and film (FI2) under different pH conditions 

Results are expressed as the mean ± standard. a, b, c, d, e, f Within a column, different lowercase superscript 
letters denote significant differences (p < 0.05). 

Figure 6. (a) Visual color changes of the FI2 film after exposure to pH 4, 7, 10, and 12 solutions; 
(b) control film (C); and (c) FI2 film.
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In addition to the differences obser-
ved between C and FI2, the film containing 
the ice fraction exhibited a pH-dependent 
response (Figure 6a). As the pH increased 
from 4 to 12, lightness decreased signifi-
cantly, with L* values decreasing from 64.53 
to 43.47 (p < 0.05). Simultaneously, the a* 
parameter increased from 9.06 to 21.42, 
indicating an intensification of reddish to-
nes, while b* values remained high under all 
evaluated conditions. Together, these chan-
ges promoted a gradual shift toward more 
intense orange hues under alkaline condi-
tions, as visually observed in Figure 6a. The 
film images (Figure 6b,c) corroborate the 
colorimetric analysis results, demonstrating 
that incorporating the ice fraction intensi-
fied the matrix coloration compared with 
the control film. Despite this visual chan-
ge, the films maintained a homogeneous 
appearance and continuous surface, with no 
apparent macroscopic defects, suggesting 
favorable interactions between the compou-
nds present in the ice fraction and the poly-
meric matrix (Cui et al., 2021; Dăescu et al., 
2024; Suhag et al., 2020).

The observed behavior suggests that 
the bioactive compounds present in the ice 
fraction undergo structural modifications in 
response to pH variations. Phenolic com-
pounds are particularly sensitive to envi-
ronmental changes and may exhibit altered 
optical properties due to functional-group 
ionization, which affects light absorption 
and, consequently, the perceived color. This 
effect is generally more pronounced under 
alkaline conditions, which may explain the 
greater color intensity observed in films ex-
posed to higher pH values (Carvalho et al., 
2026; Carvalho, Hoffmann, et al., 2025; 
Cheng et al., 2022; Priyadarshi et al., 2021; 
Z. Zhang et al., 2019).

The total color difference (ΔE) cor-
roborated the results obtained for the co-
lorimetric parameters. Values ranged from 
14.48 to 25.91, with the highest values ob-
served at pH 10 and 12. Given that color 
differences greater than 2 can already be vi-
sually perceived (Marafon et al., 2024), all 
treatments exhibited color changes readily 
distinguishable to the naked eye. Further-
more, the progressive increase in ΔE under 
alkaline conditions confirms that the inten-
sity of the chromatic changes was pH-de-
pendent (Benbettaïeb et al., 2019; Cui et 
al., 2021; Silveira Hornung et al., 2020).

The spoilage of many foods is associa-
ted with the formation of alkaline compou-
nds that increase the pH of the surrounding 
environment. In this context, the observed 
visual changes, particularly at pH 10 and 12, 
indicate that the FI2 film has potential as a 
colorimetric indicator in intelligent packa-
ging systems. Therefore, the incorporation 
of the ice fraction imparted a pH-depen-
dent visual response to the film, expanding 
its potential application for food quality 
monitoring (Benbettaïeb et al., 2019; Sales 
et al., 2021).

Soil burial degradation test 

The soil burial degradation test de-
monstrated that both films exhibited pro-
gressive mass loss throughout the compos-
ting period, confirming the biodegradable 
nature of the starch-based polymeric ma-
trices. However, differences in the degra-
dation profiles were observed between the 
formulations (Figure 7). The control film 
was completely degraded after 39 days (Fi-
gure 8a), whereas the FI2 film required 42 
days for complete degradation (Figure 8b), 
indicating that incorporating the I2 fraction 
slightly delayed biodegradation.
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Figure 7. Mass loss profile of the biodegradable films during the soil biodegradation assay. The orange 
curve corresponds to the control film (C), whereas the blue curve represents the FI2 film. The y-axis 

indicates mass loss, while the x-axis represents the biodegradation period (days).

Figure 8. Soil burial degradation behavior of the films during storage in vegetal compost soil: (a) con-
trol film (C) at days 0, 8, 12, 17, 32, and 39; and (b) FI2 film at days 0, 8, 12, 17, 32, and 39.

Antioxidant Parameter C FI2

Total phenolic content (mg GAE g−1)
ND

12.99 ± 1.08
DPPH (µmol TE g−1) 1818.20 ± 5.67
ABTS + (µmol TE g−1) 3962.20 ± 3.73

Table 6. TPC and antioxidant activity of the control sample (C) and film (FI2). 

ND = Not Detected. Results are expressed as the mean ± standard. 
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The slower degradation of FI2 may be 
attributed to the structural modifications 
promoted by the compounds present in 
the I2 fraction. Compared with the control 
film, FI2 exhibited lower moisture content 
(27.03%; control sample: 36.17%) and hi-
gher water contact angles, indicating lower 
water affinity and reduced water uptake ca-
pacity. Since water absorption is a critical 
step in the biodegradation of starch-based 
materials, lower water uptake can delay 
swelling, hydrolysis, and microbial coloni-
zation of the polymeric matrix. As water 
penetrates the structure, intermolecular 
interactions between starch chains become 
weaker, facilitating enzymatic attack and 
polymer disintegration (Mali et al., 2006).

This hypothesis is supported by the 
SEM micrographs (Figure 5), which reveal 
a more compact and cohesive morphology 
in FI2 than in the control film. The denser 
structure likely reduced water diffusion and 
microbial accessibility within the matrix, 
contributing to slower degradation kineti-
cs. Moreover, FI2 exhibited higher tensile 
strength than the control film, suggesting 
stronger intermolecular interactions within 
the polymeric network. Similar observa-
tions were reported by Othman et al. found 
that films with more compact morpholo-
gies exhibited lower water absorption and 
delayed degradation during soil burial tests 
due to reduced permeability and microbial 
access. Also, Shahrim et al. demonstrated 
that starch-based films with more organized 
structures and stronger intermolecular inte-
ractions showed slower biodegradation rates 
under soil conditions.

Despite the slightly slower degradation, 
FI2 still exhibited complete biodegradation 
within 42 days. This result demonstrates 
that incorporating the freeze-concentrated 

I2 fraction improved the films’ structural 
stability without compromising their en-
vironmental degradability. Therefore, FI2 
combines enhanced functional properties 
with rapid biodegradation.

Total phenolic content and 
antioxidant activity

The incorporation of the ice fraction 
obtained from the second stage of block 
freeze concentration (I2) introduced antio-
xidant compounds into the film matrix (Ta-
ble 6). While phenolic compounds were not 
detected in the control film, FI2 presented 
12.99 ± 1.08 mg GAE g⁻¹, indicating that 
part of the bioactive compounds originally 
present in the pinhão extract remained as-
sociated with the ice fraction and were retai-
ned after film formation.

Pinhão (Araucaria angustifolia) has 
been described as a source of bioactive com-
pounds with antioxidant potential, inclu-
ding phenolic constituents that act as redu-
cing agents and free-radical scavengers (A. 
de Oliveira et al., 2021). Although block 
freeze concentration promotes the preferen-
tial migration of solutes to the concentrated 
fraction, complete separation is not achie-
ved. As shown in Table 1, the I2 fraction 
contained an ice impurity of 46.46%, indi-
cating that a considerable amount of soluble 
material remained trapped within the frozen 
matrix. Similar behavior has been reported 
during the freeze concentration of acerola 
pulp, where bioactive compounds were par-
tially retained in the ice phase throughout 
the process (Marafon et al., 2024). Therefo-
re, the detection of phenolic compounds in 
FI2 was expected and reflects incomplete so-
lute exclusion during ice crystal formation.
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The antioxidant activity measured by 
DPPH and ABTS followed the same trend 
observed for total phenolic content. FI2 
showed values of 1818.20 ± 5.67 µmol TE g⁻¹ 
and 3962.20 ± 3.73 µmol TE g⁻¹ for DPPH 
and ABTS, respectively. Since phenolic com-
pounds were not detected in the control film, 
the antioxidant response observed in FI2 was 
most likely attributable to compounds incor-
porated via the I2 fraction. Similar observa-
tions have been reported for freeze-concentra-
ted plant matrices, in which the preservation 
of phenolic compounds led to increased antio-
xidant activity after processing (Boaventura et 
al., 2013; Marafon et al., 2024).

The higher values obtained by the 
ABTS assay than by the DPPH assay are 
consistent with the distinct reaction mecha-
nisms underlying these methods. According 
to Re et al., the ABTS radical can react with 
a wider range of antioxidant compounds, in-
cluding molecules with different polarities, 
whereas DPPH tends to be more selective. 
This difference may explain the stronger res-
ponse observed in the ABTS assay and sug-
gests that the retained compounds in the I2 
fraction include molecules capable of acting 
through multiple antioxidant pathways.

The antioxidant profile of FI2 agre-
es with other characteristics observed in the 
film. The lower lightness and higher a* and 
b* values found in Table 5 indicate the incor-
poration of colored compounds from the I2 
fraction into the polymeric matrix. Likewise, 
the slight shifts observed in the FTIR spectra 
after the addition of I2 suggest interactions 
between these compounds and the starch-
-CMC network. Although no new functio-
nal groups were identified, such interactions 
may have contributed to the retention of an-
tioxidant compounds within the film’s struc-
ture throughout drying and storage.

A comparable approach was reported 
by Carvalho et al. incorporated residual 
fractions generated during the block freeze 
concentration of yerba mate extract into 
biodegradable films. The authors observed 
that compounds remaining in secondary 
fractions could provide functional proper-
ties to the resulting materials, demonstra-
ting that fractions commonly regarded as 
process residues can still represent valuable 
sources of bioactive compounds. Similar 
conclusions were reported by Prestes, Mara-
fon, et al. showed that ice fractions obtained 
during the freeze concentration of guabiro-
ba juice retained compounds of functional 
interest despite their separation from the 
concentrated phase.

Rather than being discarded, the I2 
fraction was successfully converted into a 
functional component of the film formu-
lation. The antioxidant activity observed in 
FI2 suggests potential application as an acti-
ve packaging material, particularly for foods 
susceptible to oxidative deterioration. These 
results underscore the potential to valorize 
freeze-concentration side streams while si-
multaneously enhancing the functionality 
of biodegradable packaging systems.

4. CONCLUSION

The results demonstrated that the ice 
fraction obtained from the second stage of 
block freeze concentration of Pinhão failu-
re extract possesses significant technologi-
cal potential and should not be regarded 
merely as a process by-product. The block 
freeze concentration process effectively con-
centrated gallic acid, with the second stage 
presenting the highest process efficiency and 
providing an ice fraction rich in compounds 
of technological interest.



DOI https://doi.org/10.22533/at.ed.0973632628055

A
rt

ic
le

 5
Fr

om
 B

lo
ck

 F
re

ez
e 

Co
nc

en
tr

at
io

n 
By

-P
ro

du
ct

 to
 A

ct
iv

e 
Bi

od
eg

ra
da

bl
e 

Pa
ck

ag
in

g:
 U

til
iz

at
io

n 
of

 th
e 

Ic
e 

Fr
ac

tio
n 

fr
om

 P
in

hã
o 

Fa
ilu

re
 E

xt
ra

ct

25

The incorporation of the I2 fraction 
into starch–CMC films improved mecha-
nical performance by increasing tensile 
strength and elongation at break without 
affecting film rigidity. In addition, FI2 films 
exhibited lower moisture content, greater 
surface hydrophobicity, antioxidant activity, 
and pH-responsive color changes, indica-
ting their potential application as active and 
intelligent packaging materials (smart mate-
rial). FTIR and SEM analyses suggested that 
the compounds retained in the ice fraction 
interacted with the polymeric matrix, mo-
difying its structural organization without 
promoting significant chemical changes.

Although the incorporation of I2 sli-
ghtly delayed biodegradation, complete de-
gradation was achieved within 42 days, con-
firming the environmentally friendly nature 
of the developed materials. Therefore, the 
valorization of the ice fraction generated 
during block freeze concentration repre-
sents an innovative and sustainable strate-
gy for developing biodegradable packaging 
materials while promoting the circular use 
of agro-industrial by-products.
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