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Why was the work done: The Brazilian distilled spirit cachaça has a complex 
composition.   Numerous reactions occur throughout the production chain from 
fermentation, to distillation and then packaging. During these processes secondary 
compounds, together with organic and inorganic contaminants, are formed. 
Among the organic contaminants, carcinogenic and genotoxic polycyclic aromatic 
hydrocarbons (PAHs) can be introduced into the distillate from packaging such as 
polyethylene terephthalate (PET). 
How was the work done: This study analysed physicochemical properties and 
quantified PAHs in cachaça packaged in PET stored under different conditions.  
These included storage in the cold (refrigerator) and ambient under artificial 
light, continuous sunlight, and protected from light. Physicochemical analyses of 
cachaça, was performed before and after packaging in PET for a period of twelve 
months.  The methodology was as established by MAPA (Ministry of Agriculture 
and Livestock), with the quantification of PAHs by HPLC. PET was characterised by 
thermogravimetric analysis, and changes in its surface were evaluated by Fourier-
Transform Infrared Spectroscopy. 
What are the main findings: Cachaça stored in glass packaging complied with the 
Normative Instructions for Identity and Quality from MAPA. Cachaça was affected 
by packaging and storage in PET due to mass transfer, migration of substances, 
oxidation, and loss of aroma. Storage of cachaça under both laboratory light 
and sunlight resulted in higher concentrations of benzo[a]pyrene and benzo[a]
anthracene compared to storage in glass. The quality of cachaça was also affected 
by storage conditions, mainly due to the loss of the water-ethanol fraction and the 
oxidation of some compounds. 
Why is the work important: The findings highlight that PET packaging, when 
combined with exposure to light, can facilitate the transfer of PAHs to cachaça.  
This suggests that packaging of cachaça in PET may be unsuitable in certain 

situations.

cachaça; quality; polycyclic aromatic hydrocarbons; organic contaminants; 
polyethylene terephthalate (PET), packaging.
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Souza et al (2022) identified PAHs in cachaça 
packaged in PET. Although there is no Brazilian 
legislation governing the maximum concentration 
of PAHs in cachaça,  this is of concern as PAHs are 
classified as carcinogenic by the International Agency 
for Research on Cancer (IARC 2012). In the case of  
cachaça, areas of concern include (i) contamination 
from lubricants and greases, (ii) addition of sugar 
to correct product colour, (iii) burnt raw material or 
sugarcane fields near highways, (iv) tanks lined with 
asphalt resins or thermally treated wooden barrels 
for aging and (v) use of inappropriate containers for 
storage of the beverages.

Food packaging made of polymeric materials 
must meet criteria compatible with their use and 
without interaction with the food. Polyethylene 
terephthalate (PET) is widely used in the packaging 
of beverages due to its low gas permeability and  
resistance to mechanical impact (Nisticò 2020). 
Although this polymer is not commonly used to 
package high ABV products, it has been used in 
Brazil by some producers due to its low cost and 
greater durability during transport. However, 
this polymer may contain small amounts of low 
molecular weight oligomers that can migrate from 
the packaging material to the beverage. Migration 
depends on factors such as the physicochemical 
properties of the migrating compound, the type of 
polymer in the package, the contact time and the 
storage temperature (Alamri et al. 2021).

With the growing market acceptance of cachaça 
and the need to standardise quality, the qualitative 
parameters of distillates need to be analysed to 
ensure that consumption is safe. In terms of food 
safety, the quantification of PAHs in cachaça has 
become important in enabling regulators to identify 
and reduce sources of contamination. 

This study quantified the PAHs in cachaça packed 
in PET under different storage conditions and 
evaluated the effect of these conditions on the 
content of PAHs. The chemical structure of the 
PET packaging was analysed to determine the 
contribution to PAH content in the cachaça and 
identify changes in the structure of PET subject to 
different storage environments for twelve months.

The beverage sector in Brazil is in rapid development 
with distilled alcoholic beverages such as cachaça 
playing a prominent role. In 2021, exported 
cachaça (7.2 million litres) generated US$ 13.2 
million representing a 38% increase in revenue 
compared to the previous year.  Cachaça has an 
alcohol content of 38-48% (v/v) at 20°C (Brazil 
2005). A standard production supply chain together 
with quality control are important in providing a 
consistent product without affecting the attributes 
of beverages from different producers. To ensure 
quality control, regulations such as Normative 
Instructions (Ministry of Agriculture and Livestock 

13/2005, 28/2014) establish the identity and quality 
standards of sugarcane spirit and cachaça according 
to Brazilian legislation (Brazil 2005, 2014).

Polycyclic aromatic hydrocarbons (PAHs) are 
compounds with carcinogenic characteristics. Their 
formation occurs in both natural and anthropogenic 
sources, through the burning of organic matter at 
high temperatures, via incomplete combustion 
or pyrolysis of materials containing carbon and 
hydrogen atoms. Contamination via PAHs can occur 
through food processes such as baking, smoking 
and drying. In sugarcane products and distilled 
beverages, PAHs can occur across production, from 
the raw material to bottling (Galinaro and Franco 
2009; Bortolotto et al. 2024; Su and Penning 2024).

A major source of PAH contamination is food intake, 
raising concerns about the need for monitoring in 
the food industry. In recent years, increasing levels 
of PAH have been reported in developing and 
developed countries due to their presence in food 
and beverages (Dennis et al. 1983; Bettin and Franco 
2005; Bansal and Kim 2015; Paris et al. 2018; Peng 
and Lim 2022; Agus et al. 2023; Azari et al. 2023; 
Bortolotto et al. 2024). PAHs have been identified in 
whiskey (Kleinjans et al. 1996; Da Porto et al. 2006; 
Da Porto and Moret 2007; Chinnici et al. 2007; Peng 
and Lim 2022). To date, there is no universal limit 
for PAH in beverages. In the European Community, 
the maximum concentration of PAHs in foods are 
1-50 µg/Kg (including naphthalene, acenaphthene, 
fluorene, phenanthrene, anthracene, fluoranthene, 
pyrene, and chrysene (EFSA 2008: EC 2006: EC2011: 
EC 2014).

Introduction
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Samples (ca. 2 cm2) of PET were taken from bottles 
that had contained cachaça stored under different 
conditions for thermal and spectroscopic analyses. 
A control sample (C) – a virgin PET bottle - was kept 
under ambient conditions for twelve months.

Thermogravimetry analysis (TGA), required a scale, 
an oven, sample support, temperature sensor and 
oven temperature programmer (DTG-60A/60AH), 
and a recording system (TA-60 WS) with flow and 
atmosphere control of the oven (FC-60A). The 
analyses were performed as described by Silva and 
Wiebeck (2022) with modifications. The LIGHT, 
REFRI, SOLAR, DARK and C samples, weighing ca. 
10 mg, were heated in an alumina crucible from 25 
to 600°C with a heating rate of 10°C/min under a 
continuous flow of nitrogen at 50 mL/min.

Differential scanning calorimetry (DSC) required an 
oven, sample support, temperature sensor and oven 
temperature programmer (DSC-60A), recording 
system (TA-60 WS) with oven flow and atmosphere 
control (FC-60A). The analyses were performed 
using the modified method of Sorolla-Rosário et al 
(2022). Samples of the LIGHT (4.1 mg), REFRI (4.7 
mg), SOLAR (5.3 mg), DARK (4.5 mg) and C (4.6 mg) 
were subject to two cycles of heating/cooling with 
temperatures between 25 and 300°C and a heating 
rate of 10°C/min under an atmosphere of nitrogen. 
The thermograms were integrated to determine the 
enthalpy changes for the phase transitions of the 
polymers.

To obtain IR spectra, attenuated total reflectance 
Fourier transform infrared spectroscopy (ATR-
FTI) was performed using a Varian 600-IR FT-IR 
spectrometer, with a GladiATR accessory (Pike 
Technologies) for attenuated total reflectance (ATR) 
measurements at 45°C with a zinc selenide crystal. 
The analyses were performed using the modified 
methodology by Silva and Wiebeck (2022). The 
spectral range was 400 to 4000 cm-1 with a 
resolution of 4 cm-1, with 32 scans collected at room 
temperature.
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Freshly distilled cachaça was from Engarrafadora 
Estiva in Alto Rio Doce, Minas Gerais. Cachaça was 
stored in a glass bottle (GLASS) under ambient 
conditions with samples in sterile, virgin PET 
packaging stored (i) at ambient conditions with 
artificial light (LIGHT), (ii) in a refrigerator (REFRI), 
(iii) with continuous exposure to solar radiation 
(SOLAR) and (iv) in the dark (DARK). The storage 
conditions were designed to reflect the conditions 
that cachaça is stored in local markets. All samples 
were stored for a period of twelve months.

The physicochemical and chromatographic 
analyses were performed according to IN No. 
13 of 06/29/2005 and IN No. 28 of 08/11/2014 
established by MAPA (Brazil 2005, 2014).

Analysis of PAHs were performed using high-
performance liquid chromatography (HPLC) with 
a Shimadzu chromatograph and a diode array 
detector (DAD) (Souza et al. 2022). Identification 
and quantification of PAHs was performed by 
comparing the retention times of each compound 
with internal standards of analytical purity (from 
Merck/Sigma-Aldrich). The following PAHs were 
analysed: naphthalene, acenaphthene, fluorene, 
phenanthrene, anthracene, fluoranthene, pyrene, 
benzo[a]anthracene, acenaphthene, and benzo[a]
pyrene. Calibration curves were created between 
10 to 500 μg/L.

Analysis of variance, and means were compared 
by Tukey's test at the 95% confidence level using 
SISVAR software in the STATISTICA program (Ferreira 
2011: Statsoft 2011).

Physicochemical analyses and 
chromatography

Materials and methods
Cachaça

Statistical analysis

Thermal characterisation of PET - 
thermogravimetry, differential scanning 
calorimetry and attenuated total 
reflectance Fourier transform infrared 
spectroscopy



alcohol (99.5% purity) (Brazil 2005). The SOLAR 
sample had the highest concentration with 27.6 
± 0.1 mg/100 mL anhydrous alcohol. This may 
relate to the decomposition of polymers in the 
PET packaging. The most prevalent migrant 
carbonyl compounds found in the PET bottles 
were acetaldehyde and formaldehyde. These 
compounds can be formed as by-products of 
thermal degradation in the polycondensation 
phase and melt processing of PET. Exposure to UV 
radiation affects the migration of aldehydes which 
increased significantly at temperatures above 40°C 
(Gerassimidou et al. 2022).

Demirel et al (2021) noted that an increase in 
temperature had a marked effect on PET due to 
the degradation of isophthalic acid, acetaldehyde 
and ethylene glycol, which generated volatile 
compounds. Cardoso et al (2022) reported that 
aldehydes are oxidized to acids. Thus, the low 
concentrations of aldehydes in cachaça stored cold 
in PET (REFRI) sample may reflect their oxidation.   
This was consistent with volatile acidity, as the REFRI 
sample had the highest concentration with 225.9 ± 
0.4 mg per 100 mL of anhydrous alcohol.

The furfural concentration allowed by Brazilian 
legislation is 5 mg/100 mL of anhydrous alcohol 
(Brazil 2005). In Table 1, furfural was < 0.4 mg/100 
mL anhydrous ethanol and was not detected in 
GLASS and SOLAR samples. Fragmentation of the 
furfural forms acetic acid, perhaps contributing to

The physicochemical analysis of cachaça stored 
under different conditions in glass and PET packaging 
are reported in Table 1.  All samples maintained 
their alcohol level between 38-48% ABV (alcohol by 
volume). The ABV of the SOLAR sample was 43.9 ± 
0.1%, marginally lower than the LIGHT (44.6 ± 0.1%) 
and DARK (44.5 ± 0.1%) samples. Zhu et al (2019) 
reported a theoretical study of the shelf life of 
beverages stored in plastic packaging by analysing 
mass transfer of ethanol and water in a water-
ethanol mixture as a solvent. It was observed that 
different water-ethanol proportions influence the 
transfer of both substances, resulting in a shorter or 
longer shelf life. The shelf life of beverages stored in 
PET packaging was altered by mass transfer, change 
of water-ethanol content, migration problems, 
oxidation and loss of aroma. This was confirmed 
by Santiago et al (2020) who reported that ABV 
was affected by nonconformities in sealing of the 
containers used, suggesting that evaporation may 
have decreased the alcohol content of the SOLAR 
relative to the LIGHT and DARK samples.

Aldehydes have sensory importance in cachaça, 
and all samples were within the specification 
recommended by Brazilian legislation, 
corresponding to 30 mg per 100 mL of anhydrous 
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Results and discussion
Physicochemical and chromatographic 
analyses

Table 1.  

Physicochemical parameters of cachaça under different storage conditions.

Units: 1(% v/v at 20°C); 2(mg/100mL anhydrous alcohol.); 3(mg/L); 4(µg/L). LIGHT – PET stored in ambient conditions. 
REFRI – PET stored in a refrigerator. SOLAR – PET stored with continuous solar radiation. DARK – PET protected 
from light. GLASS – glass stored in ambient conditions. ND = not detected.  a, b, c and c = 95% confidence level.



Butyl alcohol ranged from 0.6 to 1 mg/100 mL 
anhydrous alcohol, with legislation allowing a 
maximum of 3 mg/100 mL) (Brazil 2005). With sec-
butyl alcohol, the concentration ranged from 5 to 
8 (legislation allows a maximum of 10) mg/100 mL 
anhydrous alcohol (Brazil 2005) (Table 1). Methanol 
and ethyl carbamate were not detected in the 
samples. Copper was present at < 1 mg/L in accord 
with Brazilian legislation (limit of 5 mg/L) and meets 
international standards for distilled beverages that 
limit the copper content to 2 mg/L.

Analysis of polycyclic aromatic hydrocarbons (PAH) 
in cachaça stored in glass and PET under different 
conditions (LIGHT, REFRI, SOLAR, DARK) are reported 
in Table 2.

Analysis of polycyclic aromatic hydrocarbons (PAH) 
in cachaça stored in glass and PET under different 
conditions (LIGHT, REFRI, SOLAR, DARK) are reported 
in Table 2.

In agreement with Barbosa et al (2022), anthracene 
was not detectable in any samples of cachaça. 
Naphthalene and phenanthrene were detected in 
cachaça packaged in glass (GLASS) but not in PET.
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the volatile acidity of the REFRI sample, which may 
in turn be be related to alcohol oxidation (Bortoletto 
and Alcarde 2013; Cardoso et al. 2022).

Ferreira et al (2020) showed that some components 
of a passion fruit (maracujá-do-mato) beverage 
can change due to temperature, packaging, light, 
enzymatic and nonenzymatic factors. In addition, 
gas exchange occurs enabling entry of oxygen and 
increasing the volatile acidity. Safaei et al (2022) 
reported that oxygen within PET pouches affected 
the absorption of moisture and accelerated oxidation 
reactions in Ghavoot (an Iranian traditional food).

The concentration of esters after twelve months 
of storage ranged from 75 (SOLAR) to 107 (LIGHT) 
mg/100 mL anhydrous alcohol. Interestingly, Arena 
et al (2021) reported that the aromas and flavours 
of Malvasia delle Lipari sweet wine deteriorate 
through photolytic autoxidation reactions. Matias-
Guiu et al (2020) reported that extended storage 
times and high temperatures (45°C) reduced 
the content of ethyl esters, alcohols and acids in 
fruit spirits. According to Cardoso et al (2022), 
the alcohol content in the beverage should be 
proportional to the ester levels. This proportionality 
was observed for the DARK sample, which showed 
higher concentrations of esters and higher alcohols 
than the other samples.

Table 2.  

Polycyclic aromatic hydrocarbons in cachaça stored in PET or glass.

Nap (naphthalene); Ace (acenaphthylene); Flu (fluorene); Phe (phenanthrene); Ant (anthracene); Fluo (fluoranthene); 
Py (pyrene); Benza (benz[a]anthracene); Acef (acephenanthrene); Benzo (benzo[a]pyrene). LIGHT – stored in 
ambient conditions. REFRI – stored in a refrigerator. SOLAR – stored with continuous solar radiation. DARK –  
protected from light. GLASS – glass stored in ambient conditions. LD - Limit of detection. LQ - Limit of quantification. a, 

b, c, d, e = 95% confidence level

Identification and quantification of the 
polycyclic aromatic hydrocarbons



noteworthy that the level of benzo[a]pyrene in 
the LIGHT and SOLAR samples was greater than 
the limit from Brazilian legislation of 0.7 µg/L 
for bottled waters. Alemu and Getahun (2020) 
reported that the exposure of mineral water in 
PET bottles to prolonged solar radiation led to the 
generation of genotoxic substances due to leaching 
of the photoproducts from the packaging material. 
Similarly, Orodu (2021) reported that water 
packaged in plastic bottles and exposed to heat 
above room temperature may contain carcinogenic 
substances, and that the conditions may accelerate 
migration of the substances.

Barbosa et al (2023) evaluated 15 commercial 
cachaça samples packaged in PET, focusing on their 
physicochemical profiles and polycyclic aromatic 
hydrocarbons (PAHs). The study revealed that 60% 
of the samples contained components exceeding 
the quality standards established by MAPA, with 
only five samples meeting the legal level for ABV. 
Analysis of PAHs showed that all samples had higher 
concentrations than those reported for cachaça 
stored in other types of packaging. The authors 
suggested that PAH contamination may be linked 
to the thermal processes involved in producing the 
packaging. Additionally, the high alcohol content in 
cachaça could increase PAH solubility, facilitating the 
migration of these compounds from the packaging 
into the beverage.

The work reported here does not show a correlation 
between high alcohol content and elevated 
PAHs, suggesting that migration depends on the 
balance between beverage properties and the 
thermodynamic conditions to which the bottle is 
exposed. This suggests that cachaça stored in PET 
packaging may be unsuitable for consumption and 
commercialisation due to high contaminant levels.

Thermogravimetry analysis (TGA) in Figure 1 show 
the mass changes of the polymer samples induced 
by increases in temperature.

PET was stable up to approximately 350°C with all 
storage conditions, suggesting that the different 
storage conditions did not affect the thermal

Machado et al (2014) also reported phenanthrene in 
cachaça packaged in glass, with lower concentration 
found in the less gas permeable HDPE (high-density 
polyethylene). Pyrene was detected at 0.3 (LIGHT) 
and 1.5 μg/L (GLASS), well below 25 μg/L, the limit 
allowed by European Community (EFSA 2008: EC 
2006: EC 2011: EC 2014). Pyrene was detectable 
in the LIGHT sample (0.3 μg/L) but undetectable in 
the other PET samples suggesting the pyrene may 
be  removed by adsorption or absorption it into the 
polymer matrix.

Acenaphthylene was detected but complied with 
limits of the European Community. The level in 
the DARK sample, could not be quantified as it was 
below the limit of quantification. Fluorene was 
found in all samples, with those in PET (1.2-1.7 
μg/L) lower than that packaged in glass (1.9. μg/L). 
All samples were below the acceptable limit of the 
European Union (EFSA 2008; EC 2006; EC2011; 
EC 2014). However, in contrast, Souza et al (2022) 
reported that fluorene levels were above the legal 
limit in PET packaging after four months of storage.

Fluoranthene was detected and quantified in all 
samples. With the exception of the REFRI sample, 
the concentration of fluoranthene in cachaça was 
about 1 µg/L in broad agreement with the report 
of Galinaro and Franco (2009). The concentration 
in the REFRI sample was 9.9 ± 0.1 μg/L suggesting 
that cachaça packaged in PET and stored at low 
temperatures but in the absence of light has a 
higher content of fluoranthene.

Acephenanthrene was highest in the LIGHT 
sample at 3 ± 0.1 µg/L, followed by GLASS with 
2.3 ± 0.1 µg/L and SOLAR with 2.2 ± 0.1 µg/L. The 
content of acephenanthrene in REFRI and LIGHT 
was lower at 1.6 and 1.7 µg/L. This suggests that 
the availability of light increased the content of 
acephenanthrene in cachaça. Li et al (2017) found 
that in polystyrene packaging, the contact time 
and storage temperature reduced the migration of 
contaminants. Further, Alamri et al (2021) reported 
that the equilibrium time of a migrating compound 
is inversely correlated with temperature. 

Benzo[a]pyrene was quantified at 1.3 ± 0.1 μg/L in 
LIGHT and 2 ± 0.1 μg/L in SOLAR but was below the 
limit of detection in REFRI, DARK and GLASS.  It is
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Characterisation of polymers stored 
under different conditions



dimethyl terephthalate were formed at 700°C via 
pyrolysis of PET (Das and Tiwari 2019; Palmay et al. 
2021).

Figure 2 shows the differential scanning calorimetry 
(DSC) curves for PET stored under the different 
conditions and the phase transition parameters 
obtained from thermograms. In all the thermograms 
(Table 3), subtle variations in the baseline were 
observed at approximately 74.5 to 75.6°C, which 
corresponded to the glass transition temperature 
(Tg).  This is a property of the amorphous phases 
of polymers related to the mobilities of polymer 
chains in the amorphous state. Pacheco et al. 
(2021) reported that the glass transition of PET is 
70°C whereas, in agreement with this study, Dhaka 
et al (2022) noted that the Tg of semicrystalline PET 
varies between 67 and 80°C.

Heat induced PET crystallisation was indicated by 
a small exothermic peak between 135 and 150°C, 
which was less apparent in the control PET (Figure 
2). The crystallisation temperatures (Tc) were about 
148°C and varied little with the different storage 
conditions. Wang and Wen (2022) reported that the 
crystallisation peak for untreated PET was weak
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stability of the polymer. Between 400 and 480°C, a 
substantial loss in mass was observed, which was 
attributed to scission of the PET polymer chains.  
Mass varied between storage conditions with losses 
(as %) of 65.8 (C), 73.5 (SOLAR), 76.4 (REFRI), 74.5 
(LIGHT) and 76.4 (DARK).

The degradation of PET has been reported for 
temperatures above 400°C, with rupture of the 
weak bonds in the polymer chain that generate 
short chain and aromatic hydrocarbons (Palmay et 
al. 2021; Sorolla-Rosario et al. 2022). Under pyrolytic 
conditions with PET, mass losses of almost 70%, 
with the formation of semi-volatile compounds 
and low molar weight hydrocarbons. About 11% 
of weight loss was due to compounds such as 
benzene, together with aromatic and polyaromatic 
compounds, such as PAHs (Martín-Gullón et al. 
2001).

A second thermal event in the TGA curve (Figure 
1) was observed between 500 and 800°C and was 
associated with secondary reactions between 
radicals in the system. Products such as carbon
monoxide, carbon dioxide, acetaldehyde, benzene, 
benzoic acid, acetophenone, vinyl benzoate and

Figure 1.  

TGA curves for PET subject to different storage
conditions. 

LIGHT - laboratory ambient. REFRI - domestic 
refrigerator. SOLAR - continuous solar radiation. DARK 
- protected from light. Control (C), no treatment.

Figure 2.  

DSC curves for PET bottles stored with different 
light and temperature.

LIGHT - laboratory ambient. REFRI - domestic 
refrigerator. SOLAR - continuous solar radiation. DARK 
- protected from light. Control (C), no treatment. The 
curves were shifted relative to each other for better 
visualisation. The recording was from the second 
heating cycle.



as phenanthrene, lindane and naphthalene.

The crystallinity of a polymer can be calculated 
from the total latent heat of fusion (ΔHf) (Table 
3) relative to the maximum latent heat of fusion 
for the polymer. If PET were 100% crystalline, the 
latent heat of fusion would be 140 J/g (Seif and 
Challita 2022). The degrees of crystallinity of the 
PET samples calculated for the different conditions 
evaluated were 7.6% (LIGHT), 5.8% (REFRI), 7.2% 
(SOLAR), 7.2% (DARK) and 6.3% (control). Dhaka et 
al (2022) and Beltran-Sanahuja et al (2020) reported 
that large changes in crystallisation and variations in 
the enthalpy of melting occurred when amorphous 
regions of the polymer were degraded, and 
oligomers were formed due to photodegradation 
and chain scission.

The lower crystallinities for polymers stored under 
the REFRI and DARK conditions may have reduced 
the sorption properties of the PET and enabled 
the migration of compounds into the cachaça. 
Table 2 shows high fluoranthene concentrations 
for samples subjected to the REFRI and DARK 
conditions, with values of 9.9 ± 0.1 µg/L and 1.2 ± 
0.1 µg/L, respectively.

The ATR-FTIR technique provides information on 
functional groups, and the spectra obtained for 
the different samples of cachaça are shown in 
Figure 3.  The spectra obtained were similar for PET 
irrespective of storage conditions. An intense band 
was observed at 1700 cm-1 for stretching of the C=O

because of the time of the crystallisation process. 
They also noted that the higher the crystallisation 
temperature, the slower the crystallisation. This 
reflects the thermal movement of the chains, which 
increased at higher crystallisation temperatures.

Fitaroni et al (2020) noted that samples that 
suffered the most severe degradative processes had 
shorter crystallisation times, which was attributed 
to lower molar masses. However, the presence of 
contaminants can induce changes in this process, 
as they hinder packing of the polymer chains and 
influence crystallisation of polyethylene samples 
(Veroneze et al. 2022).

The third thermal event in PET (Figure 2), with the 
highest endothermic peak in the thermogram, was 
attributed to melting of the polymer. The peak 
melting temperatures (Mp) of the polymer for the 
different storage conditions were in the range of 
244.4 to 245.5°C (Table 3). These values did not 
differ with different storage conditions. The range 
over which PET crystals melt may depend on cooling 
of the polymer from its molten state, when the 
polymer chains reorganise themselves in a regular 
manner to form the crystalline structure (Girard et 
al. 2021; Thomsen et al. 2022). Mammo et al (2020) 
and Wang et al (2021) reported that a high energy 
crystallisation process destabilised the crystalline 
region of a semicrystalline polymeric material and 
enabled sorption of compounds, depending on the 
crystallinity. Decreased crystallinity in polyethylene 
can lead to increased sorption of compounds such
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Table 3.  

Phase transition parameters from differential scanning calorimetry of PET.

LIGHT – stored in ambient conditions. REFRI – stored in a refrigerator. SOLAR – stored with continuous solar 
radiation. DARK – protected from light. Control (C), virgin, empty PET. M – PET mass. Tg - glass transition 
temperature. Tc - crystallisation temperature. ΔHc – enthalpy of crystallisation variation. Mp - Melting temperature. ΔHf 
– enthalpy change for melting.



In thermo-oxidative degradation, PET undergoes 
polymer chain scission. This forms carboxylic acids 
and vinyl esters, which undergo secondary reactions 
and generate carbon monoxide, carbon dioxide, 
acetaldehyde, aromatic acid and vinyl esters as by-
products (Das and Tiwari 2019; Nisticò 2020).

In the analysis of PAHs  (Table 2),  higher 
concentrations of benzo[a]anthracene, benzo[a]
pyrene and acephenanthrene were found in 
the LIGHT cachaça compared to that stored in 
glass containers under ambient conditions. For 
the SOLAR sample, the highest concentrations 
were of acephenanthrene and benzo[a]pyrene, 
while benzo[a]anthracene was detected but not 
quantified. In conclusion, the Scientific Committee 
for Food (SCF) of the European Commission and the 
European Food Safety Authority (EFSA) reported 
that benzo[a]pyrene and benzo[a]anthracene can 
be carcinogenic markers (Caruso and Alaburda 2008; 
Riachi et al. 2014). These data were correlated with 
those observed in quantification of PAHs for storage 
conditions exposed to light (LIGHT and SOLAR).
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bonds. Absorption bands between 1000 and 1100 
cm-1 (vibrations of the aromatic rings) may represent 
a group of mononuclear aromatic hydrocarbons in 
the polymer. The bands between 2800 and 2900 
cm-1 corresponded to the C-H stretching vibrations 
(Palmay et al. 2021).

Analysis of the region between 2000–1500 
cm⁻¹ (inset of Figure 3), showed that a band at 
approximately 1700 cm⁻¹ for SOLAR storage had 
a higher relative intensity compared to the other 
samples with absorption at 1715 cm⁻¹. Silva and 
Wiebeck (2022) observed an intense peak at 1715 
cm⁻¹ for the C=O stretching vibrations of carboxylic 
acid groups with various plastics such as polystyrene, 
polypropylene, polyvinyl chloride and PET.

The relative vibrational peak in the SOLAR spectrum 
indicated degradation of the polymeric material. 
The LIGHT sample, unlike those subjected to the 
other storage conditions, exhibited two bands at 
1722 cm-1 and 1711 cm-1.  This suggests the bands 
were from the carboxylic acid and an ester (Barbosa 
2007). Data in Table 1 reported volatile acidity 
values of 164.9 ± 0.6 mg/100 mL anhydrous alcohol. 
and an ester content of 107.4 ± 0.9 mg/100 mL 
anhydrous alcohol.

Figure 3.  

ATR-FTIR spectra of PET subject to different storage conditions.

LIGHT - laboratory ambient. REFRI - domestic refrigerator. SOLAR - continuous solar. DARK - protected from light. 
Control (C) - no treatment.
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