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Yerba mate (llex paraguariensis) tea is one of the most consumed beverages in South America. Environmental
conditions and packaging barrier properties strongly influence the quality of stored yerba mate, but despite its
commercial importance, few studies have evaluated the effects of packaging systems on the stability of
artificially flavored yerba mate. Therefore, this study investigates the influence of different packaging materials
(such as transparent polyethylene plastic, stand-up pouches, glass jars, and plastic combined with metal cans)

ABSTRACT

on the physicochemical

properties and color stability of mint-flavored yerba mate during storage. Yerba mate

leaves were flavored with mint flavoring (3% w/w) and stored for 62 days under environmental conditions
simulating commercial storage. Moisture content, pH, water activity (aw), and color parameters (L*, a*, b*,
chroma, and total color difference AE) were evaluated at 0, 30, and 62 days. The results showed a gradual
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increase in pH and significant variations in water activity (Aw) during storage, with plastic packaging exhibiting
higher Aw values than the other systems. Color analysis revealed a decrease in luminosity (L*) and shifts in
chromatic coordinates (a* and b*), suggesting pigment degradation and oxidative reactions during storage.
Among the evaluated systems, a stand-up pouch combined with a metal can showed the least significant loss
of yerba mate's green and yellow color. These results highlight the importance of selecting packaging materials
with improved barrier properties to preserve the physicochemical quality of flavored yerba mate during storage.

Keywords: color stability; llex paraguariensis; packaging materials; storage stability; water activity.

RESUMO

O cha de erva-mate (llex paraguariensis) € uma das bebidas mais consumidas na América do Sul. As
condi¢cdes ambientais e as propriedades de barreira da embalagem influenciam fortemente sua qualidade
durante o armazenamento, mas, apesar de sua importancia comercial, poucos estudos avaliaram o efeito dos
sistemas de embalagem na estabilidade da erva-mate aromatizada artificialmente. Portanto, este estudo
investiga a influéncia de diferentes materiais de embalagem (como plastico de polietileno transparente,
embalagens flexiveis, potes de vidro e latas de plastico com metal) nas propriedades fisico-quimicas e na
estabilidade da cor da erva-mate aromatizada com menta durante o armazenamento. Folhas de erva-mate
foram aromatizadas com menta (3% p/p) e armazenadas por 62 dias em condi¢c6es ambientais que simulam
0 armazenamento comercial. O teor de umidade, o pH, a atividade da agua (aw) e os parametros de cor (L*,
a*, b*, croma e diferenca total de cor AE) foram avaliados nos dias 0, 30 e 62. Os resultados mostraram um
aumento gradual no pH e variag@es significativas na atividade da 4gua (Aw) durante o armazenamento, com
a embalagem plastica apresentando valores de Aw mais elevados do que os demais sistemas. A analise de
cor revelou uma diminuicdo na luminosidade (L*) e altera¢cdes nas coordenadas cromaticas (a* e b*),
sugerindo degradacdo do pigmento e reagBes oxidativas durante o armazenamento. Dentre os sistemas
avaliados, a embalagem tipo pouch combinada com uma lata metdlica apresentou a menor perda da cor verde
e amarela da erva-mate. Esses resultados destacam a importancia da selecdo de materiais de embalagem
com propriedades de barreira aprimoradas para preservar a qualidade fisico-quimica da erva-mate
aromatizada durante o armazenamento.

Palavras-chave: atividade da 4gua; estabilidade de armazenamento; estabilidade da cor; llex paraguariensis;
materiais de embalagem.

1 INTRODUCTION

Yerba mate (llex paraguariensis) is a plant native to the subtropical regions of South America,
and its tea represents one of the most widely consumed traditional beverages in countries such as
Brazil, Argentina, Paraguay, and Uruguay. Regional production exceeds 800,000 tons annually,
highlighting its significant economic and cultural importance. The leaves are commonly prepared as
chimarrdo, tereré, or roasted mate tea, depending on the processing method and infusion
temperature (Alves; Scheer, 2024; Cardozo et al., 2021; Mueller et al., 2026). In recent years, yerba
mate has attracted growing interest beyond its traditional markets, driven by increasing global

demand for functional beverages and plant-derived bioactive compounds.
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The chemical composition of yerba mate includes a diverse range of bioactive molecules
such as polyphenols, chlorogenic acids, xanthines (caffeine and theobromine), flavonoids, and
saponins. These compounds have been associated with several biological activities, including
antioxidant, anti-inflammatory, antimicrobial, and neuroprotective effects, contributing to the
nutritional and functional value of the beverage (Bracesco et al., 2011; Ceylan et al., 2023; Heck; De
Mejia, 2007; Palavicini et al., 2025; Prado Martin et al., 2013). However, the stability of these
compounds and the sensory quality of yerba mate can be significantly affected by processing
conditions and storage environment.

Industrial processing of yerba mate involves several steps, including harvesting, enzyme
inactivation (a process known as sapeco), drying, aging, and grinding. Although these operations
are necessary to stabilize the raw material and develop its characteristic sensory profile, they may
also influence the chemical composition and quality of the final product. Aroma has a determinant
influence on food quality and the acceptability of herbal teas (Lasekan; Lasekan, 2012). Aroma is
used for flavor masking and enhancement, with the release, migration, and perception of aroma
modulated by interactions with non-volatile components (Ni et al., 2026). The aroma is added to
yerba mate in liquid or solid form before packaging.

Furthermore, exposure to oxygen, light, and environmental humidity during storage may
accelerate oxidative reactions, pigment degradation, and loss of volatile compounds from yerba
mate, leading to undesirable changes in aroma, color, and overall product quality (Alves; Scheer,
2024; Heck; De Mejia, 2007; Samponi Tucunduva Arantes et al., 2026).

Packaging plays a crucial role in controlling these degradation processes by limiting mass
transfer phenomena between the product and the surrounding environment. Appropriate packaging
systems must provide effective barriers against oxygen, water vapor, and light to preserve both
physicochemical stability and sensory characteristics during storage. Various materials have been
used in food packaging applications, including polymeric materials, glass containers, multilayer
laminates, and metalized structures with aluminum barriers, which can significantly improve
protection against moisture and light exposure (Kumar et al., 2025; Sayehi et al., 2022; Zhang et al.,
2024; Zhu et al., 2023).

Although several studies have investigated the chemical compaosition and health benefits of
yerba mate, limited information is available on how packaging materials affect yerba mate stability

during storage. The incorporation of flavoring agents introduces volatile aromatic compounds that
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may be particularly susceptible to migration, oxidation, and environmental degradation, underscoring
the importance of packaging selection for maintaining product quality (Gupta et al., 2024; Seref;
Cufaoglu, 2025). Therefore, the present study aimed to evaluate the influence of different packaging
systems, such as transparent polyethylene plastic, stand-up pouches, glass containers, and plastic
combined with a metal can, on the physicochemical properties, color stability, and sensory

characteristics of mint-flavored yerba mate during storage under simulated commercial conditions.

2 MATERIAL AND METHODS

2.1 Yerba mate preparation

Yerba mate leaves were purchased from a local store in Blumenau (-6.9194° S, -49.0661°
W), Santa Catarina, Brazil. The samples corresponded to commercially processed dried yerba mate
intended for beverage preparation, ensuring conditions representative of products available to
consumers. The leaves were flavored with mint food flavoring (Duas Rodas®, Brazil) at 3% (w/w),
selected to simulate the formulation typically used in commercially flavored herbal beverages. The
mixture was manually homogenized until the flavoring was fully distributed visually. Thirty grams (30
g) of the flavored yerba mate were weighed and packaged in four different packaging systems
(Figure 1) to evaluate the influence of packaging barrier properties on product stability during
storage. The evaluated systems were: i) transparent polyethylene (PE) plastic bags (8x12 cm),
sealed using a thermal sealer; ii) multilayer stand-up pouch packaging (10x17.5 cm), sealed using
a thermal sealer; iii) transparent cylindrical glass jars (6 cm diameter x 9 cm height) sealed with
metal screw-on lids; iv) transparent PE plastic bags (8x12 cm) placed in cylindrical metal cans (8 cm
diameterx10 cm height), representing a secondary protective packaging system with improved
barrier properties against light and gases. All packaging systems were prepared in duplicate for each
storage time. The samples were stored under ambient laboratory conditions to simulate typical
commercial small storage environments. Analyses were conducted at three storage times: Time 0
(initial condition), Time | (30 days), and Time Il (62 days). The storage period was selected to
represent a short-to-intermediate shelf-life period commonly encountered during commercial

distribution and retail storage of dried plant products.
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Figure 1. Packaging systems evaluated: A = transparent polyethylene (PE) plastic bags; B =
multilayer stand-up pouch packaging; C = transparent cylindrical glass jars; D = transparent PE
plastic bags placed inside cylindrical metal cans

The authors, 2026

2.2 Physical-chemical characterization

Moisture content, pH, and water activity (aw) were determined at the three storage times.
Moisture content was measured using gravimetric drying according to (AOAC, 2006) standard
procedures, while water activity was determined using a calibrated water activity meter (AqualLab®,
Decagon Devices, USA). For pH determination, 1 g of the yerba mate sample was dispersed in 10
mL of distilled water and homogenized prior to measurement using a calibrated digital pH meter
(Costa et al., 2017). All physicochemical analyses were performed in quadruplicate to ensure

analytical reliability and reduce experimental variability.

2.3 Color Measurements

Color parameters of the yerba mate samples were determined using a SP60 portable sphere
spectrophotometer (X-Rite®, USA) operating in the CIE Lab* color space system (Carvalho et al.,
2025). Before measurements, the instrument was calibrated using a standard white reference tile
according to the manufacturer's instructions. Color coordinates were measured at three storage
times (0, 30, and 62 days). The parameters obtained included L* (luminosity), which ranges from O
(black) to 100 (white), a* (green—red axis), ranging from —60 (green) to +60 (red), and b* (blue—
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yellow axis), ranging from —-60 (blue) to +60 (yellow). These parameters describe the chromatic
characteristics of the samples within the CIE color space (Budin et al., 2025). For each sample, two
independent measurement points were collected and analyzed in duplicate, resulting in four
measurements per treatment. The mean value was used to represent the color parameters. Color
stability during storage was evaluated by calculating the total color difference (AE*) relative to the
initial sample (Equation 1).

AE* = \/(AL")? + (Aa*)? + (Ab*)? (Eq.1)

where AL*, Aa*, and Ab* represent variations in luminosity, green—red chromatic coordinate, and
blue—yellow chromatic coordinate, respectively.
Color saturation was also evaluated by calculating chroma (C*) (Equation 2):

(a)? + (b*)? (Ea.2)

2.4 Statistical analysis

All experimental results were expressed as mean = standard error of the mean. Statistical
analysis was performed using one-way analysis of variance (ANOVA) to evaluate the effects of
packaging systems and storage time. When significant differences were observed (p < 0.05), Tukey’s
multiple comparison test was applied to identify differences between treatments. All analyses were
performed using Statistica® software (StatSoft Inc., USA).

3 RESULTS AND DISCUSSION

3.1 - Physical-chemical characterization

The physical-chemical characterization of yerba mate leaves showed significant differences
in pH, water activity (Aw), and moisture during the 62-day storage period across the evaluated
packaging systems (Table 1). Significant variations (p < 0.05) and a gradual increase in pH values
were observed during storage, regardless of the packaging material. This progressive increase

suggests chemical transformations within the plant matrix, including the possible degradation of
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organic acids and the oxidation of phenolic compounds naturally present in yerba mate, as well as
those originating from the flavoring agent.

Table 1: Values of pH, Aw, and moisture at Time O (initial), Time | (30 days), and Time Il (62 days)
storage in different packages (mean + standard error).

Assay Plastic Stand Pouch Glass Plastic + can
pH

Time 0 5.94 + 0.0682 5.99 + 0.02¢ 5.94 + 0.0482 6.02 £ 0.03%@

Time | 6.01 + 0.06"B2 6.06 + 0.0282 6.01 £ 0.03"B2 6.09 + 0.0282

Time Il 6.09 + 0.06"2 6.13 +0.03"@ 6.08 £ 0.03*2 6.15 + 0.0242
Aw

Time O 0.58 + 0.005¢2 0.58 + 0.008°B2 0.58 + 0.008°B2 0.57 + 0.0088B2

Time | 0.67 + 0.0058P 0.66+ 0.009%@ 0.66 + 0.005 0.65 £0.004*2

Time Il 0.61 + 0.008*° 0.58 + 0.00782 0.58 + 0.004582 0.58 +£ 0.011"

Moisture (%)

Time 0  10.36 £0.009%  10.36+ 0.008%*  10.36 £ 0.011**  10.35 + 0.008"@

Time | 10.36 £ 0.0074*  10.35+ 0.007A*  10.35 + 0.008%2  10.35 + 0.006"*

Time Il 6.21 + 0.23782 6.00 + 0.23982 6.10 + 0.361B2 6.06 + 0.60952

Equal letters within the same column (capital letter) and parameter denote no significant differences
at a 5 % significance level between times evaluated. Equal letters within the same line (lowercase

letter) denote no significant differences at a 5 % significance level between packages evaluated.

Such changes have been previously reported during the aging of yerba mate, where
biochemical and oxidative processes lead to the slight alkalization of the product (A. Holowaty et al.,
2014). The pH values obtained in this study ranged from 5.94 = 0.06 to 6.15 + 0.02, which are
consistent with values reported in the literature for commercial yerba mate products, as the pH varies
2025). Although these

variations are relatively small, they may influence the stability of certain bioactive compounds and

according to the type of yerba mate and the climatic season (Nunes et al.,

contribute to gradual sensory changes during storage.

Revista e-TECH: Tecnologias para a Competitividade Industrial | https://etech.sc.senai.br/revista-cientifica v. 19, n. 1/ 2026



ISSN 1983-1838
(DOI): 10.18624/e-tech.v19i1.1481

PACKAGING BARRIER EFFECTS ON PHYSICOCHEMICAL STABILITY

T AND COLOR CHANGES OF FLAVORED YERBA MATE (llex
e. paraguariensis) DURING STORAGE
TECNOLOGIAS PARA

TANIA MARIA COSTA
ARTHUR PATZLAFF

MEIRYEL LOPES DA SILVA
MARCELA KOTSUKA DA SILVA
CAROLINA KREBS DE Souza

Water activity (Aw) values showed a significant variation (p < 0.05) during 62 days and
between the evaluated packaging methods (Table 1). All Aw values remained below the critical limit
for microbial proliferation (< 0.90), indicating that the product remained microbiologically stable
throughout the storage period. However, intermediate Aw values may still influence chemical
degradation reactions such as enzymatic browning and pigment degradation due to increased
molecular mobility within the food matrix (Costa et al., 2025; Karel, 1989; Tapia; Alzamora; Chirife,
2020).

The plastic packaging exhibited slightly higher Aw values (Times | and Il) compared to the
stand-up pouch, glass, and plastic + can systems. Although plastic offers advantages for food
packaging applications, such as affordability, lightness, flexibility, and chemical and moisture
resistance, materials with higher barrier properties, such as metal and multilayer packaging, can
significantly reduce mass transfer phenomena and therefore contribute to improved stability of
hygroscopic foods such as yerba mate (Anukiruthika et al., 2020; Turksever; Kog; Kizilirmak Esmer,
2025) . Glass is highly inert and impermeable, and has been used as a food package for many years
(Obayomi; Dokouhaki; Obayomi, 2026). However, its transparency may allow light penetration,
which can accelerate oxidative reactions and pigment degradation in plant-based products (Thuy et
al., 2021). Multilayer structures, such as stand-up pouches and metallic containers, generally provide
improved barrier properties against water vapor and gases (Pasquier et al., 2022). However, these
kinds of packaging have low thermal transfer barriers. Storage without temperature or humidity
control in the laboratory showed a clear influence of these parameters on Aw properties.
Temperature changes cause an increase or decrease in the kinetic energy of water molecules, as
observed in the adsorption isotherms of yerba mate (Cervenka; Hlouskova; Zabgikova, 2015). The
amount of water adsorbed in a food product depends on the presence of compounds with hydrophilic
groups capable of binding water molecules via hydrogen bonds (Caurie, 1981), and temperature
changes associated with climate (early autumn in time | and late autumn in time II) may have
contributed to greater or reduced water adsorption, as observed in studies of adsorption isotherms
(Cervenka; Hlouskova; Zabdikova, 2015) . Similar observations have been reported in studies
evaluating the storage stability of dried plant materials and tea products packaged in polymeric and
multilayer materials (Baele et al., 2021; Bhattacharjee et al., 2024).

The moisture of the packaged product depends on the permeability of the package and the

particular properties of each food (Ramallo; Albani, 2004). The moisture content of the yerba mate
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(Table 1) was also slightly higher, but not statistically different (p < 0.05) when stored in plastic
packaging, after 62 days (Time Il). According to Brazilian legislation, the maximum moisture content
allowed for yerba mate is 10% (ANVISA - Agéncia Nacional de Vigilancia Sanitaria, 2022). The
values obtained at Time 0 and Time | were slightly above this limit, which may be due to moisture
absorption of the yerba mate in its original packaging (paper packaging). The addition of flavoring
agents, even at relatively low concentrations (3% w/w), can temporarily alter the hygroscopic
equilibrium of plant materials, promoting water adsorption from the surrounding environment. The
yerba mate aromatization process was manual and differed from the industrial process, which uses
hot air to dry the flavoring. In this study, flavoring evaporation was achieved by turning the yerba
mate at room temperature until it was visually dry, a common process for flavoring teas at a small
scale.

After 62 days of storage, reductions in moisture were observed. However, no statistically
significant difference (p < 0.05) was observed between packages (Table 1). Dry food can increase
or reduce its moisture content during storage, even though package permeability remains constant
(Cervenka; Hlouskova; Zabéikova, 2015; Ramallo; Albani, 2004). This occurs due to the equilibrium
of humidity between yerba and the air inside the package (Akbar et al., 2025; Cervenka; Hlouskova;
Zabgikova, 2015).

3.2 - Color measurements

Color is an important quality attribute in yerba mate products, as consumers generally
associate a bright green color with freshness and product quality. The color parameters of yerba
mate stored in different packaging systems are presented in Table 2 and visualized in Figure 2. All
spectrophotometric measurements were performed on homogenized samples to ensure analytical

consistency.
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Table 2: Values of CIE-Lab color coordinates (L", a°, b", C") at Time 0 (initial), Time | (30 days), and
Time Il (62 days) storage in different packages (mean * standard error).

Coordinator Plastic Stand Pouch Glass Plastic + can
Time O
L* 33.43 + 1.48% 33.43+1.48" 33.43+1.48"  33.43+1.48"
a* -0.08 + 0.21¢ -0.08 £ 0.21%2  -0.08 £ 0.2152 -0.08 + 0.218
b* 18.59 + 1.32% 18.59 + 1.32%% 18,59+ 1.32%2  18.59 + 1.32"@
Cc* 18.60 + 1.33* 18.60 + 1.33* 18.60+1.33**  18.60 + 1.33*
Time |
L* 28.19 +1.33¢® 23.05+0.21°¢ 30.64 £1.65%%  23.39+0.778
a* 1.78 £ 0.70%2 0.78 £ 0.117° 1.10 + 0.23%% 0.73 £ 0.147°
b* 14.25 + 0.645° 13.96 +0.36%° 17.64 +1.05%%  14.09 + 0.628°
C* 14.37 + 0.608° 13.98 +0.35%° 17.68 +1.04**  14.11 +0.63%°
AE 7.05 + 1.107° 11.40 + 0.15%%  3.26 + 1.76%¢ 11.04 + 0.9142
Time I
L* 30.14 £ 0.939%2  30.67 +£1.32B2 29.21 +0.69%2  28.63 + 0.79"%
a* 0.97 £ 0.2582 0.97 £ 0.15" 0.99 + 0.26"2 0.82 + 0.08"@
b* 17.86 + 1.49" 17.85+0.68"* 17.85+0.81"*  17.82 + 0.34"@
C* 17.89 + 1.50" 17.88 £ 0.68"* 17.87 +£0.80"*  17.84 + 0.34"@
AE 3.74 £1.07% 3.19 £1.0382 4.48 + 0.68"2 4.96 + 0.758

Equal letters within the same column and coordinator (capital letter) denote no significant differences
at a 5 % significance level. Equal letters within the same line (lowercase letters) denote no significant

differences at a 5% significance level between the packages.

The luminosity parameter (L*) showed a significant decrease (p < 0.05) during storage for all
packaging systems, especially after 30 days of storage (Table 2). This reduction is consistent with
oxidative degradation of chlorophyll pigments, which are known to be highly sensitive to oxygen,
light exposure, and Aw conditions (Da Rocha Nina Junior et al., 2020). However, there was no
significant difference (p < 0.05) in this luminosity parameter after 62 days of storage between

packages. This suggests a convergence in visual appearance among treatments over time.
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Figure 2: Visual aspects of yerba mate after 30 days stored: A = transparent polyethylene (PE) plastic
bags; B = multilayer stand-up pouch packaging; C = transparent cylindrical glass jars; D =
transparent PE plastic bags placed inside cylindrical metal cans

The authors, 2026

Preservation of the characteristic green color of yerba mate is associated with low or negative
values of chromatic coordinate a*. However, a significant increase in a* parameter was observed
after 30 days of storage, indicating a shift toward red tones and suggesting degradation of chlorophyll
molecules into pheophytin derivatives (Picolo et al., 2023). All samples showed a significant increase
in red (coordinate a*) after 30 days (Table 2), especially in plastic and glass packages, with variations
in this parameter after 62 days (Time Il). The sample stored in plastic suffered a noticeable browning
process (Figure 2A), while a lighter appearance is observed in yerba mate stored in glass (Figure
2C) after 30 days. These visual changes are consistent with the combined effect of L* reduction and
a* increase, observed in Table 2.

Chromatic coordinate b* also showed a significant reduction in yellow after 30 days (Table 2,
Time 1), except for the glass package. This behavior may be attributed to oxidative reactions and
structural degradation of carotenoid compounds present in the plant matrix (Klavins et al., 2026).
The increase in Aw of yerba mate during the storage period (Table 1, Time I) can favor oxidation
reactions (Nunes et al., 2025; Schmalko; Alzamora, 2001).

Samples stored in glass packaging showed smaller variations in the b* parameter during the
first storage period (Table 2, Time I). However, the transparency of glass allows light to pass through,
thereby promoting photodegradation reactions in chlorophyll and carotenoid pigments (Larrea
Soldrzano et al., 2025). This effect was evidenced by color heterogeneity between the external and
internal portions of the product (Figure 3). The yellow color intensity increased again after 60 days

Revista e-TECH: Tecnologias para a Competitividade Industrial | https://etech.sc.senai.br/revista-cientifica v. 19, n. 1/ 2026



ISSN 1983-1838
(DOI): 10.18624/e-tech.v19i1.1481

PACKAGING BARRIER EFFECTS ON PHYSICOCHEMICAL STABILITY

T AND COLOR CHANGES OF FLAVORED YERBA MATE (llex
e. paraguariensis) DURING STORAGE

TANIA MARIA COSTA
ARTHUR PATZLAFF

MEIRYEL LOPES DA SILVA
MARCELA KOTSUKA DA SILVA
CAROLINA KREBS DE Souza

TECNOLOGIAS PARA
_OMPET DADE INDUSTRIAL

of storage (Table 2, Time II), with smaller variations (b*) relative to the initial sample (Table 2, Time
0). This increase suggests partial stabilization of the pigment systems under storage-equilibrium
conditions.

In terms of chromaticity (C*), there was a significant initial reduction (p < 0.05) in plastic,
stand-up pouches, and plastic + can samples saturation. After 60 days, there was a significant
increase in said saturation. This pattern likely reflects an initial phase of pigment degradation,
followed by stabilization of the remaining pigments under equilibrium storage conditions (Ferreira et
al., 2023).

Total color difference (AE) values indicated that the most pronounced visual changes
occurred during the first 30 days of storage (Table 2), except for the yerba mate stored in glass
packaging. According to commonly accepted color perception thresholds, AE values greater than 3
may be visually noticeable to consumers, indicating that storage conditions can significantly
influence the visual quality of yerba mate products (Muniz et al., 2023). The particle size of yerba
mate is not standardized, meaning that smaller particles may experience more significant pigment
loss than larger particles. Long-wavelength colors (red and yellow) are more likely to absorb short-
wavelength, high-energy UV rays, which accelerate the photodegradation of dye molecules.
However, short-wavelength colors (blue and green) exhibit greater stability (Shen et al., 2026). This
was clearly visible in the glass jar (Figure 3). This color separation was not observed in the yerba
mate packaged in plastic (Figure 2A).

A reduction in the mint-flavored aroma was observed in transparent PE plastic and glass
packaging during the first 30 days of storage. This loss of aroma indicates the migration of volatile
aromatic compounds from the product to the external environment, a phenomenon commonly
observed in foods containing flavoring agents (Al-Khalili et al., 2025). Plastic packaging materials
generally exhibit higher permeability to volatile organic compounds, which facilitates the diffusion of
aromatic molecules through the polymer matrix (Gupta et al., 2024). Although glass itself is
chemically inert and impermeable, the sealing efficiency of the metal lid may influence volatile
compound retention, potentially leading to aroma loss during storage. However, no formal sensory

analysis was conducted in this study, which limits conclusions regarding aroma perception.
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Figure 3: Yerba mate in glass packaging stored for 30 days

The authors, 2026

The significant color variations (AE and C*, Table 2) highlight the critical role of the packaging
barrier in maintaining the quality of flavored yerba mate. The increase in Aw not only favors
enzymatic browning and pigment oxidation but also appears to destabilize the flavoring matrix.
Although glass and metal cans offer superior barriers against moisture and gas, the early loss of
aroma in glass suggests that the 'barrier' is only as effective as its sealing system. In contrast, the
stand-up pouch and the plastic + can combination provided a more stable microenvironment. This
indicates that multilayer or secondary packaging systems are more effective at limiting mass transfer
phenomena, thereby ensuring a longer shelf-life and consistent sensory profile, since these
packaging systems can create a more stable microenvironment by limiting the transfer of water
vapor, oxygen, and volatile aromatic compounds (Alamri et al., 2021). However, controlling the
packaging's storage temperature is crucial to avoid potential changes in Aw and oxidation of yerba
mate pigments. Therefore, for yerba mate products containing added flavorings or other volatile
ingredients, the use of high-barrier packaging materials is essential to maintain quality and extend

commercial shelf life.
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4 CONCLUSIONS

The evaluation of flavored yerba mate (llex paraguariensis) under different storage conditions
reveals that the integrity of its physical-chemical properties is strictly dependent on the herb's
hygroscopic nature and the barrier efficiency of the packaging material. All treatments exhibited
significant increases in pH and fluctuations in Aw over the 62 days, indicating progressive
physicochemical instability. Although all treatments showed significant increases in pH and
fluctuations in Aw over 62 days, the transparent PE plastic and glass packages performed poorly for
long-term retention of volatile aromatic compounds. Furthermore, the significant reduction in
luminosity (L*) and the shift in chromaticity coordinates (a* and b*) indicate that oxidative processes
and pigment degradation are pervasive across all packaging types, though exacerbated by light
exposure in transparent media. The stand-up pouch and the plastic + metal can combination
demonstrated superior performance in stabilizing Aw and mitigating total color difference (AE) by the
end of the study. These results indicate the formation of a more stable internal microenvironment in
these packaging systems. Consequently, to preserve the added value of flavored yerba mate, the
industry must prioritize high-barrier, opaque, hermetically sealed packaging. In addition, packaging
performance should be considered alongside sealing efficiency and light protection. Regarding
storage, it must be kept at a controlled temperature to prevent changes in the herb's physical and
chemical properties. Such measures are essential to inhibit the transfer of water vapor and the
volatilization of essential oils, thereby ensuring that the bioactive properties and consumer
expectations are maintained throughout the product's commercial shelf-life. Overall, these findings
provide practical guidance for optimizing packaging strategies and storage conditions in flavored

yerba mate products.

ACKNOWLEDGMENTS

The authors are grateful to the Graduate Program in Chemical Engineering at the Regional
University of Blumenau (FURB), Blumenau, Santa Catarina, Brazil. This work was supported by the
Fundacdo de Amparo a Pesquisa e Inovacdo do Estado de Santa Catarina (FAPESC), Brazil
(FAPESC Process 985/2025) and (Grant No. TO2025TR001604); the Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico (CNPq), Brazil (Grant No. 302867/2023-6); and the

Revista e-TECH: Tecnologias para a Competitividade Industrial | https://etech.sc.senai.br/revista-cientifica v. 19, n. 1/ 2026



ISSN 1983-1838
(DOI): 10.18624/e-tech.v19i1.1481

PACKAGING BARRIER EFFECTS ON PHYSICOCHEMICAL STABILITY

T AND COLOR CHANGES OF FLAVORED YERBA MATE (llex
e. paraguariensis) DURING STORAGE

TECNOLOGIAS PARA

- . TANIA MARIA COSTA

ARTHUR PATZLAFF

MEIRYEL LOPES DA SILVA
MARCELA KOTSUKA DA SILVA
CAROLINA KREBS DE Souza

Ministério da Ciéncia, Tecnologia e Inovagéo (MCT]I), Brazil. This study was also financed in part by
the Coordenacédo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES), Brazil — Finance
Code 001.

DECLARATION OF GENERATIVE Al AND AI-ASSISTED TECHNOLOGIES IN THE
WRITING PROCESS

During the preparation of this work, the author(s) used generative Al (ChatGPT, Gemini, and
Grammarly) to improve clarity and remove grammatical mistakes in some sections of this
manuscript. After using this tool/service, the authors reviewed and edited the content as needed and
take full responsibility for the content of the published article.

REFERENCES

A. HOLOWATY, Santiago et al. Variation of physicochemical and sensory properties during the
aging of yerba mate. International Journal of Food Studies, v. 3, n. 2, p. 228-238, 18 out. 2014.

AKBAR, Ubaida et al. Effects of various packaging materials and temperature conditions on the
storage stability of Zea mays L. (baby corn) powder. Applied Food Research, v. 5, n. 1, p.
100913, jun. 2025.

ALAMRI, M. S. et al. Food packaging’s materials: A food safety perspective. Saudi Journal of
Biological Sciences, v. 28, n. 8, p. 4490-4499, ago. 2021.

AL-KHALILI, Maha et al. Aroma compounds in food: Analysis, characterization and flavor
perception. Measurement: Food, v. 18, p. 100220, jun. 2025.

ALVES, Fillemon Edillyn da Silva Bambirra; SCHEER, Agnes de Paula. Yerba mate (llex
paraguariensis), science, technology and health: A systematic review on research, recent
advances and possible paths for future studies. South African Journal of Botany, v. 168, p. 573—
587, maio 2024.

ANUKIRUTHIKA, T. et al. Multilayer packaging: Advances in preparation techniques and emerging
food applications. Comprehensive Reviews in Food Science and Food Safety, v. 19, n. 3, p.
1156-1186, 20 maio 2020.

ANVISA - AGENCIA NACIONAL DE VIGILANCIA SANITARIA. RESOLUCAO-RDC N° 302, DE 7
DE NOVEMBRO DE 2002. REGULAMENTO TECNICO PARA FIXACAO DE IDENTIDADE E
QUALIDADE DE ERVA-MATE
https://bvsms.saude.gov.br/bvs/saudelegis/anvisa/2002/rdc0302_07_11_2002.html, , 2022.
Disponivel em:

Revista e-TECH: Tecnologias para a Competitividade Industrial | https://etech.sc.senai.br/revista-cientifica v. 19, n. 1/ 2026



ISSN 1983-1838
(DOI): 10.18624/e-tech.v19i1.1481

PACKAGING BARRIER EFFECTS ON PHYSICOCHEMICAL STABILITY

T AND COLOR CHANGES OF FLAVORED YERBA MATE (llex
e. paraguariensis) DURING STORAGE

TECNOLOGIAS PARA
OMPET BADE NOUSTRIAL

TANIA MARIA COSTA
ARTHUR PATZLAFF

MEIRYEL LOPES DA SILVA
MARCELA KOTSUKA DA SILVA
CAROLINA KREBS DE Souza

<https://bvsms.saude.gov.br/bvs/saudelegis/anvisa/2002/rdc0302_07_11 2002.html>. Acesso em:
4 fev. 2026

AOAC. Official Methods of Analysis of AOAC International. Gaithersburg M.D., 2006.

BAELE, Maarten et al. Selecting packaging material for dry food products by trade-off of
sustainability and performance: A case study on cookies and milk powder. Packaging
Technology and Science, v. 34, n. 5, p. 303—-318, 22 maio 2021.

BHATTACHARJEE, Donal et al. Estimation of Shelf Life and Development of Packaging Standards
for Bulk Packaging of Orthodox Tea [Camellia sinensis (L.) Kuntze] for Export. Asian Journal of
Dairy and Food Research, n. Of, 13 mar. 2024.

BRACESCO, N. et al. Recent advances on llex paraguariensis research: Minireview. Journal of
Ethnopharmacology, v. 136, n. 3, p. 378-384, jul. 2011.

BUDIN, Ana Caroline et al. Stability study of bioactive compounds from yerba mate extract
encapsulated by ionic gelation and application of microparticles in fruit and cereal bars. LWT, v.
215, p. 117245, jan. 2025.

CARDOZO, Angela Gées Lara et al. Erva-mate (llex paraguariensis A. St. — hil.): uma revisao
abrangente sobre composi¢cédo quimica, beneficios a salude e recentes avanc¢os. Research,
Society and Development, v. 10, n. 11, p. €590101120036, 11 set. 2021.

CARVALHO, Ana Caroline Ferreira et al. Smart biopolymer based on rice husk extracts and
Pinh&o failure applied as an interlayer for sliced mozzarella cheese. Journal of Vinyl and
Additive Technology, v. 31, n. 5, p. 1233-1246, 10 set. 2025.

CAURIE, M. Derivation of full range moisture sorption isotherms. Water activity: influences on
food quality: a treatise on the influence of bound and free water on the quality and stability
of foods and other natural products, p. 63-87, 1981.

CERVENKA, Libor; HLOUSKOVA, Lucie; ZABCIKOVA, Simona. Moisture adsorption isotherms
and thermodynamic properties of green and roasted Yerba mate (llex paraguariensis). Food
Bioscience, v. 12, p. 122-127, dez. 2015.

CEYLAN, H. et al. Yerba Mate Attenuates Oxidative Stress Induced Renal Cell Damage. Journal
of Herbal Medicine, v. 42, p. 100793, dez. 2023.

COSTA, Tania Maria et al. LIPASE PRODUCTION BY Aspergillus niger GROWN IN DIFFERENT
AGRO-INDUSTRIAL WASTES BY SOLID-STATE FERMENTATION. Brazilian Journal of
Chemical Engineering, v. 34, n. 2, p. 419-427, abr. 2017.

COSTA, Tania Maria et al. IMPACT OF ANALYTICAL METHOD ON THE in vitro DIGESTIBILITY
OF BLACK SOLDIER FLY MEAL (Hermetia illucens). Revista e-TECH: Tecnologias para a
Competitividade Industrial, v. 18, n. 1, p. 1-19, 2025.

Revista e-TECH: Tecnologias para a Competitividade Industrial | https://etech.sc.senai.br/revista-cientifica v. 19, n. 1/ 2026



ISSN 1983-1838
(DOI): 10.18624/e-tech.v19i1.1481

PACKAGING BARRIER EFFECTS ON PHYSICOCHEMICAL STABILITY

T AND COLOR CHANGES OF FLAVORED YERBA MATE (llex
e. paraguariensis) DURING STORAGE

TECNOLOGIAS PARA

- . TANIA MARIA COSTA

ARTHUR PATZLAFF

MEIRYEL LOPES DA SILVA
MARCELA KOTSUKA DA SILVA
CAROLINA KREBS DE Souza

DA ROCHA NINA JUNIOR, Adamir et al. Photochemical Efficiency and Oxidative Metabolism of
Tree Species during Acclimation to High and Low Irradiance. Plants, v. 9, n. 8, p. 1047, 17 ago.
2020.

FERREIRA, Andreia S. et al. Stabilization of Natural Pigments in Ethanolic Solutions for Food
Applications: The Case Study of Chlorella vulgaris. Molecules, v. 28, n. 1, p. 408, 3 jan. 2023.

GUPTA, Rakesh Kumar et al. Migration of Chemical Compounds from Packaging Materials into
Packaged Foods: Interaction, Mechanism, Assessment, and Regulations. Foods, v. 13, n. 19, p.
3125, 30 set. 2024.

HECK, C. |.; DE MEJIA, E. G. Yerba Mate Tea ( llex paraguariensis ): A Comprehensive Review
on Chemistry, Health Implications, and Technological Considerations. Journal of Food Science,
V. 72,n.9, 26 nov. 2007.

KAREL, Marcus. Role of Water Activity. Food Properties and Computer-Aided Engineering of
Food Processing Systems, p. 135-155, 1989.

KLAVINS, Linards et al. The multifunctionality of plant pigments: roles, recovery from by-products
and stability challenges. Journal of Agriculture and Food Research, v. 26, p. 102748, mar. 206.

KUMAR, Anand et al. Biodegradable and smart packaging films for food quality and safety: A
review. Applied Food Research, v. 5, n. 2, p. 101491, dez. 2025.

LARREA SOLORZANO, Andrea D. et al. Chlorography or Chlorotyping from the Decomposition of
Chlorophyll and Natural Pigments in Leaves and Flowers as a Natural Alternative for Photographic
Development. Journal of Zoological and Botanical Gardens, v. 6, n. 3, p. 41, 7 ago. 2025.

LASEKAN, O.; LASEKAN, A. Flavour chemistry of mate and some common herbal teas. Trends in
Food Science & Technology, v. 27, n. 1, p. 37-46, set. 2012.

MUELLER, Eduarda et al. Smart Biodegradable Packaging Film from Cassava Starch, Pea Flour,
and Yerba Mate Extract. Journal of Packaging Technology and Research, v. 10, n. 1, p. 63-78,
24 mar. 2026.

MUNIZ, Vitéria Ribeiro Garcia de Figueiredo et al. The impact of color on food choice. Brazilian
Journal of Food Technology, v. 26, 2023.

NI, Ruijie et al. Recent advances on aroma-food ingredient interactions: A review. Trends in Food
Science & Technology, v. 169, p. 105550, mar. 2026.

NUNES, Marcela Trojahn et al. Influence of environmental conditions and culture of yerba mate on
post-harvest physicochemical and elemental quality. Journal of Food Composition and
Analysis, v. 148, p. 108610, dez. 2025.

OBAYOMI, Oluwatobi Victoria; DOKOUHAKI, Mina; OBAYOMI, Kehinde Shola. From packaging to
plate: Environmental pollution and human exposure pathways of plastic-derived contaminants.
Food Bioscience, v. 75, p. 108185, jan. 2026.

Revista e-TECH: Tecnologias para a Competitividade Industrial | https://etech.sc.senai.br/revista-cientifica v. 19, n. 1/ 2026



ISSN 1983-1838
(DOI): 10.18624/e-tech.v19i1.1481

PACKAGING BARRIER EFFECTS ON PHYSICOCHEMICAL STABILITY

T AND COLOR CHANGES OF FLAVORED YERBA MATE (llex
e. paraguariensis) DURING STORAGE

TECNOLOGIAS PARA

- . TANIA MARIA COSTA

ARTHUR PATZLAFF

MEIRYEL LOPES DA SILVA
MARCELA KOTSUKA DA SILVA
CAROLINA KREBS DE Souza

PALAVICINI, Sandra Maria Schenatto et al. Bioactive Compounds of llex paraguariensis : A
Critical Update on Extraction, Gastrointestinal Stability, and Technological Applications. Journal of
Food Science, v. 90, n. 11, 7 nov. 2025.

PASQUIER, Eva et al. Multilayers of Renewable Nanostructured Materials with High Oxygen and
Water Vapor Barriers for Food Packaging. ACS Applied Materials & Interfaces, v. 14, n. 26, p.
30236-30245, 6 jul. 2022.

PICOLO, Ana Paula et al. Evaluation of blanching technology in green color preservation in yerba-
mate as a substitute for conventional process. Sustainable Food Technology, v. 1,n. 1, p. 73—
78, 2023.

PRADO MARTIN, José G. et al. Antimicrobial activity of yerba mate (llex paraguariensis St. Hil.)
against food pathogens. Revista Argentina de Microbiologia, v. 45, n. 2, p. 93-98, 2013.

RAMALLO, L. A.; ALBANI, O. A. Prediction and Determination of Water Uptake in Packaged Yerba
Mate. Food Science and Technology International, v. 10, n. 1, p. 3540, 1 fev. 2004.

SAMPONI TUCUNDUVA ARANTES, Matheus et al. Intensified Multistep Extraction of Phenolic
Compounds from Yerba Mate ( llex paraguariensis ) Leaves: A Techno-Economic and
Environmental Approach. ACS Omega, v. 11, n. 6, p. 9816-9825, 17 fev. 2026.

SAYEHI, Mouna et al. Using a zeolite produced from glass waste and aluminum scraps to develop
a novel gelatin-based biodegradable composites films: Antibacterial and antioxidant properties of a
potential food packaging material. Inorganic Chemistry Communications, v. 140, p. 109415, jun.
2022.

SCHMALKO, Miguel E.; ALZAMORA, Stella M. COLOR, CHLOROPHYLL, CAFFEINE, AND
WATER CONTENT VARIATION DURING YERBA MATE PROCESSING. Drying Technology, v.
19, n. 3-4, p. 599-610, 31 mar. 2001.

SEREF, Nurbanu; CUFAOGLU, Gizem. Food Packaging and Chemical Migration: A Food Safety
Perspective. Journal of Food Science, v. 90, n. 5, 22 maio 2025.

SHEN, Maocai et al. Response of microplastic color to photoaging and its influence on the release
characteristics of derived dissolved organic matters. Journal of Contaminant Hydrology, v. 277,
p. 104849, fev. 2026.

TAPIA, Maria S.; ALZAMORA, Stella M.; CHIRIFE, Jorge. Effects of Water Activity (a w) on
Microbial Stability as a Hurdle in Food Preservation. In: Water Activity in Foods. [S.l.]: Wiley,
2020. p. 323-355.

THUY, Vu Thi Tuyet et al. Sustainable, self-cleaning, transparent, and moisture/oxygen-barrier
coating films for food packaging. Green Chemistry, v. 23, n. 7, p. 2658-2667, 2021.

Revista e-TECH: Tecnologias para a Competitividade Industrial | https://etech.sc.senai.br/revista-cientifica v. 19, n. 1/ 2026



ISSN 1983-1838
(DOI): 10.18624/e-tech.v19i1.1481

PACKAGING BARRIER EFFECTS ON PHYSICOCHEMICAL STABILITY

T AND COLOR CHANGES OF FLAVORED YERBA MATE (llex
e. paraguariensis) DURING STORAGE
TECNOLOGIAS PARA

R - . TANIA MARIA COSTA
COMPETITIVIDADE INDUSTRIAL

ARTHUR PATZLAFF

MEIRYEL LOPES DA SILVA
MARCELA KOTSUKA DA SILVA
CAROLINA KREBS DE Souza

TURKSEVER, Can; KOC, Banu; KIZILIRMAK ESMER, Ozlem. Sustainable Alternatives in
Multilayer Packaging: Storage Stability of Pudding Powder Under Accelerated Storage Conditions.
Foods, v. 14, n. 22, p. 3806, 7 nov. 2025.

ZHANG, Letian et al. Monocyclic aromatic hydrocarbons production from NaOH pretreatment
metallized food plastic packaging waste through microwave pyrolysis coupled with ex-situ catalytic
reforming. Chemical Engineering Journal, v. 484, p. 149777, mar. 2024.

ZHU, Wenjuan et al. A green extraction strategy for the detection of antioxidants in food simulants
and beverages migrated from plastic packaging materials. Food Chemistry, v. 406, p. 135060,
abr. 2023.

Revista e-TECH: Tecnologias para a Competitividade Industrial | https://etech.sc.senai.br/revista-cientifica v. 19, n. 1/ 2026



