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Abstract

Single-use plastics represent almost a fifth of the global plastics market, leading to high residual accumulation. The study 
aimed to evaluate the biodegradability, under anaerobic conditions, of additivated polyethylene terephthalate (PET-ad), 
marketed by a company in Brazil. The polymeric films were submerged in digesters in sludge from sewage treatment 
plants. Films were characterized throughout time, as were the biogas and microorganisms in the medium. The results 
indicated weight and microscopic differences attributed to sludge components and microbial colonization on films’ 
surfaces. The thermal properties did not show changes. Moreover, at the end of the research, the microorganisms still 
had considerable concentration – 106 and 109 NMP/ml, anaerobic and aerobic, respectively. The production of methane 
(60% v/v) and carbon dioxide (30% v/v) gases peaked in the first month and decreased subsequently. At eighteen months, 
PET-ad has been proven to undergo the initial degradation process faster than negative control.
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1. Introduction

Poly(ethylene terephthalate) is one of the most widely 
used fossil-based thermoplastics worldwide, mainly due to its 
desirable properties, such as lightweight, impact resistance, 
high transparency, and impermeability[1,2]. Biodegradation 
of this thermoplastic is a desirable process, given the non-
toxicity of the by-products[3,4]. Nevertheless, the rate of 
degradation of PET under natural conditions is too slow, 
and, combined with high levels of production, it causes 
negative impacts on terrestrial and aquatic environments[5-8].

An alternative to mitigate these impacts comes from 
pro-degradant additives incorporated into polymers. These 
substances can facilitate microorganisms activities that 
can use the carbon present in the polymer chains as an 
energy source[9]. They act by reducing the molar mass of 
the chains, altering their polarity, providing a substrate to 
attract microorganisms, or acting as catalysts[2,10]. Considering 
the rapid increase in the production of additive PET, it is 

necessary to evaluate the actual impact of additives on this 
material’s disposal to verify its biodegradation effectiveness[9].

This paper presents the progress of the biodegradation 
of a commercial polymer, called PET-ad, by the authors in 
sludge from a sewage treatment plant under an anaerobic 
regime for eighteen months. The evaluations were carried 
out considering the surface modifications, the chemical 
bonds in the material’s structure and thermal properties, 
as well as biogas production and microorganisms in 
biodigesters.

2. Materials and Methods

2.1 Biodigester preparation

PET and PET-ad films, with a thickness of 12 µm, 
were supplied by a company and sized at 5x2 cm2. The 
biodigesters were made up of penicillin-type flasks in 
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 which 90 ml of sludge and three films were added. They 
were hermetically sealed with rubber lids and metal seals. 
To capture the produced gas, syringes (10 ml) were inserted 
through the rubber lids.

2.2 Film characterization

The mass variation of the films was quantified with an 
analytical balance (CELTAC, model FA-2104N), after being 
washed with distilled water and dried in a desiccator. The 
material’s surface was studied through Scanning Electron 
Microscopy (SEM) (model MIRA-3, Tescan Mira, with a 
high-brightness, high-vacuum FEG source).

Thermogravimetry analysis was carried out in the range of 
30 to 600°C, with a heating rate of 10 °C/min (Mettler Toledo 
TGA 2 Star System). Differential Scanning Calorimetry was 
performed in the temperature range of 30 to 300 °C, with a 
heating rate of 10 °C/min, using the STARc software. The 
crystallinity index (Xc) was calculated based on the melting 
enthalpy (∆Hf), the mass fraction of PET in the film (f) and 
the theoretical enthalpy of 100% crystalline PET (∆Hf

0), 
equivalent to 140 J/g[11], as shown in expression 1.
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Fourier Transform Infrared Spectroscopy (FTIR) was 
carried out in the spectral range from 400 to 4000 cm-1, on the 
Perkin Elmer 400 FTIR equipment. The carbonyl, hydroxyl 
and ester indices were calculated by the ratio between the 
absorbances (Abs) of the respective peaks and the absorbance 
of the reference peak (C-H bond), as shown in expression 2.

x
x

C H

Abs
I

Abs −
= 	 (2)

2.3 Microorganisms

Sludge samples were inoculated into appropriate culture 
media for each group of microorganisms (Heterotrophic 
Aerobic Bacteria, Acid-Producing Bacteria, Heterotrophic 
Anaerobic Bacteria and Sulfate-Reducing Bacteria) by 
successive dilutions. The culture media used were Nutrient 
Broth, Phenol Red Broth, Thioglycolate Fluid Medium, 
and Modified Postgate E, respectively. Identification and 
quantification were carried out using the color change and 
medium’s turbidity, and the Most Probable Number method.

2.4 Biogas production

The resulting gas was analyzed via gas chromatography 
(Hewlett Packard 5890) at a temperature of 90 ºC. Nitrogen 
gas was used as a mobile phase and Porapak-N column 
(solid phase thickness between 50 and 60 mesh), with 
thermal conductivity detectors. Biodegradation was assessed 
according to ASTM D5511, from expression 3, considering 
methane and carbon dioxide gases. The peaks were obtained 
using the N2000 software.
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Where “Cg” is the amount of carbon present in the gas 
produced, in grams, and “Ci” is the amount of carbon in 
the films.

3. Results and Discussions

3.1 Mass variation

Figure 1 shows the monthly mass variation of the films 
over a period of eighteen months.

Throughout the study, a constant loss of mass was 
not noticeable, but there was a slight tendency to increase 
mass, reaching up to around 2% of the film’s mass. The 
mass increase can be explained by the adherence of the 
material present in the sludge or by the formation of biofilms 
that became impregnated in the film. This adherence of 
microbial biomass to the film is the first stage of polymer 
biodegradation. At this point, enzymes are excreted and the 
process of biocatalysis begins in the polymer structure[12,13].

Zafiu et al.[14] and Selke et al.[15] also observed a small 
increase in mass when studying the degradation of PET and 
attributed this result mainly to the water absorption by the 
material and to surface impurities.

3.2 Scanning electron microscopy

Figure 2 shows the SEM images of the surface of the 
films before they were placed in the biodigesters, after 9 
and 18 months of being immersed in the sludge.

PET film’s surface is smooth and relatively homogeneous 
(Figure 2a), while PET-ad film shows the presence of uniformly 
distributed particles (Figure 2d), which correspond to the pro-
degradant additive incorporated into the material. After nine 
months in contact with sludge, no significant changes were 
observed in the PET films (Figure 2b). It was not possible 
to identify the charges in the PET-ad films (Figure 2e), but 
the sludge slightly interacted with the surface, indicating a 
greater affinity with the sludge components.

This suggests that the additive was consumed, facilitating 
contact between the film and the microorganisms present 
in the environment. At the end of eighteen months, there 
were few sludge components on the surface of the PET 
film’s (Figure 2c), while a large amount of matter covered 

Figure 1. Mass variation of the films over time.



Assessment of modified poly(ethylene terephthalate) films under anaerobic conditions

Polímeros, 35(3), e20250027, 2025 3/9

the surface of the PET-ad film’s (Figure 2f), which made it 
appearance rough and heterogeneous.

Maheswaran et al.[16] studied the interactions of some 
microorganisms of the Sarcina, Bacillus and Aspergillus 
genera with PET films. They observed more relevant 
signs of degradation, such as rough surfaces, holes, pores, 
surface erosion and cracks. Regarding microorganisms, the 
surface images in both cases are similar to those obtained 
in the present work, indicating a possible adhesion of 
microorganisms to the films[17].

Other authors have also evaluated microorganism 
colonization, especially bacteria, on polymer surfaces. The 
images were similar to the results obtained in this study[18-22]. 
Therefore, it can be inferred that the additive facilitated the 
incorporation of substances from the sludge and, consequently, 
microorganisms onto the surface of the films, thus, accelerating 
the beginning of the biodegradation process[17-19,21].

3.3 Thermogravimetric analysis

The mass variation under heating is illustrated in Figure 3, 
which shows similar curves between the initial and final 
samples in both cases, indicating the slow degradation of 
the polymers. Comparing the curves for PET and PET-ad, 
the equipment detected an increase in mass - of around 
9% - before the degradation peak, in the PET-ad films 

before being put into the biodigester; in nine months, a 
5% increase in mass was detected; and finally, at eighteen 
months, there was a 1% mass increase. This phenomenon 
provides information on the action mechanism of the additive 
present in the PET-ad formulation. Among the compounds 
used to promote biodegradation, it is worth highlighting 
chemo-taxis pro-degradants, which are capable of attracting 
microorganisms to the inside of the films by providing 
substrate. Additionally, they can expand the structure of 

Figure 2. SEM images of film surfaces of PET (a) initial; (b) 9 months aging; (c) 18 months aging; and PET-ad (d) initial; (e) 9 months 
aging; (f) 18 months aging.

Figure 3. TG and DTG curves of PET and PET-ad.
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the polymer to facilitate the penetration of microorganisms 
and other components, thus accelerating the consumption 
of carbon chains. The decrease in mass gain during the tests 
could indicate the consumption of these additives in the 
biodigesters, as observed in the SEM analysis[2].

The loss of mass begins near the temperature of 400 
ºC and, after a single stage, ends at 450 ºC, resulting in 
a single peak in the DTG curve. Thermal degradation 
of PET is initiated by the scission of the alkyl-oxygen 
bond, followed by successive scissions[23]. This thermal 
behavior, except for the mass increase, is in accordance with 
literature data, according to Santos et al.[24], Lima et al.[25] 
and Bannach et al.[26].

During the start of the biodegradation process, there 
are no significant changes in TGA curves. In addition, the 
difficulty of consuming the polymer chains - especially 
the aromatic fraction - means that the generation of these 
compounds occurs gradually, minimizing the influence on 
the parameters of this analysis, such as the initial, final and 
highest degradation rate temperatures[27]. Recent literature 
about thermal analysis of virgin and residual polymers 
corroborates these results, considering the exposure time 
of residues to environmental conditions from months to a 
few years[28-30].

3.4 Differential scanning calorimeter

The heat flow curves as a function of temperature 
obtained by differential scanning calorimetry make it possible 
to determine the melting temperature, melting enthalpy, 
crystallization enthalpy, crystallinity and glass transition 
temperature are shown in Tables 1 and 2.

For data processing purposes, the first heating – referring 
to the thermal history – was disregarded. In the cooling 
stage, there are exothermic crystallization peaks, where 
the crystalline domain was formed; in the second heating, 
there are subtle changes in the baselines (relating to glass 
transitions) and melting peaks, both of which are endothermic.

The results show that the thermal properties of PET and 
PET-ad were similar throughout the study. Therefore, there 
were no significant changes in the mobility of the carbon 
chains or in the intermolecular bonds of the polymers – 
additive or not – over time[31].

As discussed by Mróz et al.[32], evidence of changes 
in thermal properties would be indicated by a reduction in 
glass transition and melting temperatures, resulting from 
the decrease in the molecular mass. These modifications 
in thermal properties would be detected in more advanced 
stages of the biodegradation process. In addition, an 
increase in crystallinity is expected, due to degradation 
being initiated by the amorphous domain – as it is a more 
accessible region[32,33].

3.5 Fourier-transform infrared spectroscopy

Figure 4 shows the films’ spectrums, indicating the 
samples’ main absorption bands.

Both samples’ spectrums are similar, due to the low 
concentration of the additive incorporated. The characteristic 
absorption bands of PET can be seen: around 1720 cm-1 
corresponds to the stretching of the carboxylic group -C=O, 
at 1240 cm-1 is the ester group stretching O=C-O-, 1100 
cm-1 indicates the torsion angle of the ester group and 720 
cm-1 is related to the out-of-plane C-H bond (Figure 4)[34,35].

Regarding the intensities of the C-H band at a wavelength 
of 1470 cm-1, it was possible to evaluate the changes in the 
most relevant groups in the biodegradation process, according 

Table 1. Parameters measured in differential exploratory calorimetry for PET samples.

Month Tf (°C) ΔHf (J/g) ΔHc (J/g) Xc (%) Tg (°C)
Initial 244.11 ± 1.05 46.37 ± 0.13 22.84 ± 1.10 33.12 ± 0.15 76.98 ± 0.73

9 243.72 ± 1.72 46.31 ± 0.12 23.13 ± 1.22 33.08 ± 0.09 76.81 ± 0.66
18 246.40 ± 1.65 46.56 ± 0.27 23.05 ± 1.14 33.26 ± 0.10 75.90 ± 0.98

Tf: Melting temperature, ΔHf: melting enthalpy, ΔHc: crystallization enthalpy, Xc: crystallinity and Tg: glass transition temperature.

Table 2. Parameters measured in differential exploratory calorimetry for PET-ad samples.

Month Tf (°C) ΔHf (J/g) ΔHc (J/g) Xc (%) Tg (°C)
Initial 243.62 ± 1.93 46.29 ± 0.25 23.39 ± 1.01 33.06 ± 0.18 76.47 ± 0.65

9 245.57 ± 0.98 46.49 ± 0.17 22.48 ± 0.69 33.27 ± 0.21 75.91 ± 0.84
18 246.15 ± 1.72 46.67 ± 0.21 22.18 ± 0.89 33.34 ± 0.21 77.21 ± 1.07

Figure 4. FTIR curves of PET and PET-ad.
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to expression 2. In later stages of degradation, it is expected 
that there will be a reduction in the intensity of the ester group, 
given that the enzymes excreted by the microorganisms 
break this bond, forming carbonyl and hydroxyl groups[36]. 
As can be seen in Figure 5 (a) and 5 (b), the carbonyl and 
ester functional groups occur in greater quantity, given their 
presence in the PET repetition structure, while the hydroxyl 
group comes from eventual terminal hydroxyls. Also, the 
relative intensities of these groups were similar between the 
PET and PET-ad films; there was a slight increase in the 
amount of ester and carbonyl groups and a maintenance of 
the few hydroxyl groups present in the films. However, there 
was a wider standard deviation between the calculated indices, 
which corresponds to the greater diversity of compounds 
from the sludge that are present on the films’ surface[16,36].

Torena, Alvarez-Cuenca and Reza (2019) evaluated 
the PET biodegradation in sludge. In the FTIR spectrum, 
they found that there were small band shifts and intensity 
variations; the carbonyl index increased, which was 
caused both by the formation of terminal carbonyls after 
breaking ester bonds and by products from oxidation 
reactions[37-40]. Ioakeimidis  et  al.[41] concluded that the 
degradation rate slowed down after the disappearance of 
the ester functional group, given that this group is one of 
the primary targets of the action of enzymes excreted by 

microorganisms. The remaining aromatic groups remained 
unchanged[41]. In addition, principal component analysis 
(PCA) was carried out as a statistical test, but it was not 
possible to see any significant group separation. This 
corroborates the reported non-distinction in the values 
of the above-mentioned indices.

3.6 Microorganism groups in biodigesters

Figures 6 and 7 illustrate the behavior of the microorganism 
groups that are present in the sludge and have an influence 
on the film’s biodegradation.

Comparing the three systems, similar behaviors can 
be seen in the evolution of the microbial groups analyzed. 
The groups that require oxygen for growth (Heterotrophic 
Aerobic Bacteria and Acid-producers) showed a decline 
shortly after the start of the study, while the Heterotrophic 
Anaerobic Bacteria reached the peak of the exponential 
growth phase in the second month, due to the predominance 
of the anaerobic regime and the decrease in the other groups, 
which reduced competition for the substrates.

The Heterotrophic Aerobic Bacteria reached a growth peak 
of around 1023 MPN/ml, while the anaerobic group reached 
109 MPN/ml, reflecting the lower efficiency of substrate 
consumption in the absence of oxygen and, consequently, 

Figure 5. Carbonyl, hydroxyl, and ester indexes of (a) PET; (b) 
PET-ad.

Figure 6. Most Probable Number of Aerobic Heterotrophic 
Bacteria and Acid-producing Bacteria over time.

Figure 7. Most Probable Number of Anaerobic Heterotrophic 
Bacteria and Sulfate-reducing Bacteria over time.



Avellar, J. G. M., Silva, G. A., Souza, R. R. O., Henrique, M. A., Cavalcanti, J. V. F. L., Almeida, Y. M. B., 
Fernandez, M. L. A. P., & Vinhas, G. M.

Polímeros, 35(3), e20250027, 20256/9

slower biodegradation. At the end of the 18 months, the aerobic 
group’s population reached 107 MPN/ml and the anaerobic 
groups remained stable between 107 and 106 MPN/ml.

The low order of magnitude for Sulphate Reducing 
Bacteria (103 MPN/ml to close to zero) is desirable, since 
sulphur compounds - hydrogen sulphide and volatile fatty 
acids - have a negative impact on microorganism growth, 
especially acetogenic and methanogenic microorganisms, 
which are fundamental for methane gas production. The 
logic for Acid-Producing Bacteria is equivalent, since a 
low pH will slow down the growth of microorganisms. 
The order of magnitude of this group ranged from 1017 
to105 MPN/ml[42,43].

Torena et al.[37] evaluated PET biodegradation in activated 
sludge. They concluded that bacterias were able to consume 
the amorphous phase of the material[37]. Studies with ideal 
and controlled conditions to optimize microbial growth 
are important to quantify the biodegradation capacity of 
the microorganisms in question. However, materials are 
not usually disposed of under such conditions and there 
are other sources of nutrients that are more available than 
polymer chains, which further delays the consumption of 
PET and other thermoplastics[37,44,45].

Despite the eighteen months of anaerobic regime, 
aerobic microorganisms, when subjected to favorable 
conditions, were able to develop, reaching significant 
concentrations. Anaerobic groups remained at relevant 
concentrations. Therefore, potentially PET-degrading 
microorganisms can persist even when temporarily 
subjected to adverse situations[46].

3.7 Biogas composition

The sludge initially has a significant number of 
microorganisms in it, which are responsible for biogas 
production. As the systems were not continuously fed, 
the number of microorganisms was reduced over time, 
as shown in Figures 8 and 9. Methane gas production 
peaked in the first month of the study, reaching an average 
of 45% (v/v) of the biogas, while carbon dioxide gas 
started to decline after the second month (at an average 
of 25% (v/v)).

In the end, the total amount of methane in the “Sludge”, 
“Sludge + PET” and “Sludge + PET-ad” systems were 128.86, 
101.96 and 100.36 mmol, respectively, while the amount 
of carbon dioxide was 215.83, 184.30 and 156.36 mmol, 
respectively. This oscillation in biogas production between 
the systems is expected, considering the heterogeneity of 
the sludge[46].

According to the ASTM D5511 standard, it was possible 
to quantify biodegradation using the ratio of the carbon in 
the polymer chains and the carbon present in the biogas 
(methane or carbon dioxide), according to expression 3. 
Figure 10 shows the percentage of biodegradation over 
eighteen months. Theoretically, 100% biodegradation 
would be equivalent to 2.655 mmol of methane gas and 
carbon dioxide produced, which represents less than a 
fifth of the biogas generated in the first month analyzed. 
Therefore, considering the low rate of consumption of the 
polymer as well as the small mass of the films, it is difficult 
to accurately quantify their conversion into biogas in the 

initial months, given the high production of these gases 
that are inherent to the sludge[46-48].

The results obtained are in accordance with what is 
expected in the literature. As an example, Cremonez et al.[46] 

Figure 8. Methane production for each system.

Figure 9. Carbon dioxide production for each system.

Figure 10. Film biodegradation over time.
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studied methane gas production in systems containing 
sludge and found a peak in CH4 production after two 
weeks, reaching values close to 50% (v/v), during the 
20-day analysis period. These results are associated only 
with the activity of the microorganisms present in the 
sludge, since no polymers were present in that research[46].

4. Conclusions

The incorporation of the pro-degradant additive into 
the PET films did not lead to carbon chains breaking over 
eighteen months under anaerobic conditions, but it was 
possible to observe the presence of microorganisms and 
sludge components on the surface, which is a possible start 
to the process. Since thermal properties have not changed, 
the biodegradation process still is in its early stages. The 
quantification of degradation from biogas is more relevant 
when the production of biogas from biodegradation is 
considerably higher than the production inherent in the 
sludge. Finally, considering that the half-life of PET reaches 
hundreds of years under certain conditions, it is possible 
that the additive may promote a noticeable reduction in 
decomposition time in the medium or long term, as it 
promotes a faster initiation of this process.
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