
1

INTRODUCTION

“Green” materials are more and more popular 
among producers and consumers due to the com-
bination of good quality products with conscious 
care for the environment. One of the reasons for 
promoting and encouraging producers and users 
to use “green materials” is the availability of raw 
materials needed for their production [18, 27, 29].

“Green” polymeric materials can be made 
using polymers derived from agricultural, for-
estry or marine raw materials [2, 3, 14, 17, 28]. 
These are abundant natural resources that are 
constantly replenished. Another beneficial prop-
erty of “green” polymeric materials is their biode-
gradability, which makes them a natural material 
for use in such composting as sacks for collect-
ing food or organic waste and for the produc-
tion of packaging for food and other consumer 
products. But “green” polymeric materials must 

have adequate physical properties. Their proper-
ties should be controlled by technological means 
through the development of appropriate recipes 
and processing of polymer materials, ensuring, 
i.a. adequate resistance to aging.

Aging of materials is a common phenomenon 
occurring in all areas of life, in particular relat-
ing to technical facilities. The universality of this 
phenomenon means that more and more attention 
is paid to it in research, both from the point of 
view of understanding the mechanisms of the ag-
ing process and assessing its impact on the prop-
erties of materials [6, 16, 19, 26, 30]. The increase 
in the demand for polymer materials, materials 
that are often irreplaceable in the construction 
of machines, devices and products of everyday 
use – means that scientific and research work for 
years has been focused on explaining the complex 
mechanisms of the aging process, determining its 
impact on the properties – mainly physical and 
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chemical – of plastics, as well as an assessment of 
the impact of processing conditions on the course 
of this phenomenon [4, 8, 10, 11, 13].

Researchers around the world for many years 
have been conducting research to increase the sta-
bility of various polymers and to increase the re-
sistance of these materials to atmospheric, chemi-
cal and thermal factors [5, 9, 25]. The most effec-
tive way to improve the stability of polymer ma-
terials is to use anti-aging compounds, i.e. special 
chemical compounds whose task is to increase 
the resistance of polymer materials to external 
factors such as heat at elevated temperatures, UV 
radiation or chemicals. 

However, the nature of biodegradable poly-
mers introduces certain requirements that should 
be set for chemical compounds to be used as an-
ti-aging compounds. Such requirements include 
non-toxicity, low volatility, lack of volume migra-
tion and lack of negative effect on the composting 
process. An important feature should also be the 
possibility of use in packaging production, espe-
cially in products that have contact with food. This 
requirement results from the main application of 
biodegradable polymers today, mainly food pack-
aging (food films, disposable tableware) [12, 20]. 

All these requirements are met by natural 
substances of plant origin. Not only would they 
not pollute the environment, but most important-
ly completely degrade without much problem. 
Rapid decomposition of proposed natural sub-
stances would not affect the decomposition time 
of the polymer matrix, and therefore of the entire 
product. That is why compounds of natural ori-
gin, easily available, which do not require special 
chemical synthesis processes and thus cheap are 
the in the recent years subject of numerous scien-
tific studies in the scope of their potential use as 
anti-aging compounds. Among them, substances 
of plant origin containing natural polyphenols can 
be very promising due to their composition and 
chemical structure.

The paper presents the results of research on a 
“green” polylactide based polymer material con-
taining extracts of coffee, cocoa and cinnamon 
which have height concentration of polyphenols. 
Detailed test results of selected processing, ther-
mal and mechanical properties of samples con-
taining different contents of tested extracts and 
the impact of the aging process on these proper-
ties are presented in [21]. 

However, the presented research focused on 
a more accurate analysis of the impact of the 

accelerated aging process on the mechanical and 
thermomechanical properties of the polymer films 
containing the optimal amount of individual ex-
tracts. The maintenance of good mechanical prop-
erties by the “green” polymer material throughout 
its lifetime is one of the key operating parameters 
that guarantees the correct and safe storage and 
operation of the protected product such as films 
and packaging for food or cosmetics.

RESEARCH MATERIALS AND 
METHODOLOGY

The matrix of tested materials was polylac-
tide (PLA) 2003D (Cargill Down LLC, USA) 
with a density (ρ) of 1.24 g/dm3. According to the 
manufacturer, this polymer has a mass melt flow 
rate (MFR) of 6 g/10 min (210 °C, 2.16 kg). As 
anti-aging compounds, three natural compounds 
of plant origin were used: coffee extract, cocoa 
extract and cinnamon extract (Agrema Sp.z o.o., 
Poland). 0.5 wt.% of individual extract was added 
to the PLA matrix, obtaining materials marked as 
PK (coffee extract), PKK (cocoa extract) and PC 
(cinnamon extract). To assess the effectiveness of 
the proposed extracts, the properties of the giv-
en materials were compared with the reference 
sample (sample R), which contained 2 wt.% of 
butylated hydroxytoluene (BHT) (Sigma – Al-
drich, USA). This compound is a commonly used 
synthetic anti-aging compound added to various 
polymers [7,22,31]. The results of PK, PKK, PC 
and R samples were also compared with results 
obtained for pure PLA (sample P) to get a full 
picture of the observed changes and the effect of 
anti-aging compounds on the properties of PLA.

The granulate of tested materials were ob-
tained in the extrusion process using a twin-
screw co-extruder BTSK 20 40D (Bühler, Ger-
many). The temperature distribution in particu-
lar zones of the extruder and the head was: 170, 
175, 180, 180 and 180 °C. After leaving the 
head, the material was cooled with an air stream 
and then granulated. Films were extruded from 
the obtained granulate in a subsequent process-
ing. The single-screw extruder Plasti-Corder 
Lab Station (Brabender, Germany) was used in 
the production of films. The temperature distri-
bution in particular zones of the extruder and the 
head were: 165, 175 and 168 °C. The film was 
obtained with a 170 mm flat gap head maintained 
at 158 °C. The thickness of the obtained film was 
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approx. 0.5 mm. From the obtained films, using 
a hydraulic press and appropriate dies, samples 
were cut in the form of paddles with dimensions 
according to [24] type 5 (Fig. 1).

The cut sample sets were subjected to an ac-
celerated aging process. The aging process of 
the tested materials was carried out in a CCK 
40/300NG climate chamber (Dycometal, Spain) 
at 45 °C, 70% relative humidity and UV radia-
tion. The accelerated aging process was carried 
out for 1, 2 or 3 months. UV radiation was gen-
erated from 8 lamps (PHILIPS SUPER AC-
TINICA TL 60W/10-R ISL) with a wavelength 
range from 350 to 400 nm. The lamps were lo-
cated directly above the samples so that the dis-
tance between them was as low as possible and 
the angle of incidence of radiation was 90° to the 
surface of the samples.

Tensile parameters was determined using an 
Instron 3367 testing machine (Instron, USA) ac-
cording to the [23, 24] standard. The extension 
rate was 50 mm/min. In the study tensile strength 
(σM), strain at maximum stress (εM), strain at break 
(εB) and Young’s modulus (E) were determined. 
The value of selected parameters was determined 
for 12 samples. From the obtained results two ex-
treme values were rejected and the final value was 
calculated as the arithmetic mean of 10 results.

The IMPats-15 hammer (ATS FAAR, Italy) 
was used in tensile-impact strength (atU) tests ac-
cording to the [15] standard. The energy of the 
hammer was 4 J and the speed of the hammer at 
the moment of impact on was 2.9 m/s. The atU 
value was determined for 12 samples. From the 
obtained results two extreme values were rejected 
and the final value was calculated as the arithme-
tic mean of 10 results.

The thermomechanical analyzer Q800 
(TA Instruments, USA) was used to test the 

thermomechanical properties (DMA) accord-
ing to the [1] standard. The tests were carried 
out in foil stretching mode with a frequency of 1 
Hz with and a deformation amplitude of 15 μm. 
The samples were tested in the temperature range 
from 30 to 120 °C, with a heating rate of 3 °C/
min. The research determined the storage mod-
ules (E‘) of the tested materials at temperatures 
of 30, 50 and 70 °C and the tangent of the δ angle 
(tan δ), the so-called loss factor, based on which 
the glass transition temperature (Tg) of individual 
materials was determined. The maximal peak of 
tan δ was assumed as the Tg value.

RESULTS AND DISCUSSION

Tensile tests

Tensile strength and susceptibility to de-
formation are important strength parameters of 
packaging materials in terms of their operational 
properties.

Considering first the impact of the additives 
used on the σM of tested materials, it can be seen 
that the introduction of extracts to the PLA only 
slightly changed the σM values (fig. 2). 

The σM value of sample P was 62 MPa. The 
value obtained for the PK sample was practically 
the same as the P samples, while the PKK and PC 
samples were smaller by about 2 MPa. A much 
larger decrease in σM was observed after the ref-
erence anti-aging compound was added. The 
σM value of the R sample decreased by approx. 
7 MPa compared to the value of the P sample.

However, it was important to determine the 
influence of aging on the tensile strength of the 
materials. After the initial aging period, an in-
crease in σM value was observed for all tested 

Fig. 1. Geometry of samples
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materials. For sample P it was small – about 2 
MPa. However, it was significantly higher for 
samples containing anti-aging compounds. The 
σM value increased for PK, PKK, PC and R sam-
ples by approx. 8, 8, 10 and 11 MPa, respectively. 
The effect of the increase in tensile strength was 
probably due to the process of polymer macro-
molecular arrangement as a result of long expo-
sition to elevated temperature, which results in 
improved mechanical properties. The large in-
creases in σM for materials containing anti-aging 
compounds suggest that they have a positive ef-
fect on this process.

However, further aging of the materials led 
to a gradual deterioration of σM. After 3 months 
of aging, the σM value of sample P decreased by 
approx. 21 MPa. The addition of anti-aging com-
pounds inhibited the adverse effects of the accel-
erated aging process. The σM value of the R sam-
ple decreased only by about 5 MPa. The proposed 
extracts were less effective. The σM values of PK, 
PKK and PC samples decreased by approximate-
ly 7, 8 and 10 MPa, respectively. The changes ob-
tained were, however, definitely smaller than the 
changes observed for the pure polymer.

The introduction of extracts into PLA did not 
cause significant changes in εM and εB. The re-
sults of materials containing coffee, cocoa or cin-
namon extracts were very close to the results of 
pure PLA. Only in the case of sample containing 
reference anti-aging compund a greater drop of εB 
was observed (Fig. 3). 

The aging of the tested materials only slightly 
influenced the εM values. Admittedly an increase 
in εM was observed after 1 month of aging, fol-
lowed by a gradual decrease in this value, but 

the differences obtained were not significant and 
valuable conclusions cannot be clearly drawn.

Significant changes were however observed 
for εB. Accelerated aging caused the largest 
changes in εB after 1 month of aging. After this 
period, the εB were definitely lower than the val-
ues of non-aged materials. The decrease in εB of 
all tested materials was similar – approx. 3% for 
PC and R samples and approx. 5% for P, PK and 
PKK samples. The longer aging period no longer 
caused further significant changes in the εB. The 
εB values of the materials containing the extracts 
remained at the level obtained for the P sample. 
Just for the R sample a further decrease of εB by 
extra 2% was observed in compared with material 
after 1 month of aging.

The influence of the aging process on the 
Young’s modulus of the tested materials was also 
analyzed (Fig. 4). 

The E value of the unaged sample P was 
about 1640 MPa and did not change significantly 
after the addition of the extracts. Larger changes 
were observed after introducing the reference 
anti-aging compound into the matrix. The E val-
ue of sample R decreased by approx. 140 MPa 
reaching 1500 MPa.

Up to 2 months of aging, this process did not 
cause significant E changes in most of the tested 
materials. Apart from the materials with cinna-
mon extract and reference anti-aging compound, 
the difference in E value did not exceed 60 MPa. 
For PC and R samples, E values increased by ap-
prox. 130 and 170 MPa, respectively. However, 
large changes were observed after 3 months of 
aging. For all samples there was a large increase 
in the E value after the level of about 1800 MPa. 

Fig. 2. Impact of aging time on tensile strength of tested materials; P – pure PLA; PK – cof-
fee extract; PKK – cocoa extract; PC – cinnamon extract; R – reference sample 2% BHT
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Therefore, studies show that the extracts, un-
like the reference anti-aging compound, should 
not only provide good tensile strength of products 
during operation, but also not adversely affect the 
ability to deform these materials. 

Tensile – impact strength

Elements of packaging products are exposed 
to dynamic loads during use. For this reason, it is 
necessary to know the properties that characterize 
the behavior of the material in the event of sudden 
load changes. Impact resistance is therefore one 
of the key parameters determining the operational 
properties of packaging materials.

The atU value of sample P was 140 kJ/m2 
(Fig. 5). Of the extracts used, only cinnamon 
extract caused a decrease in impact strength. 
The atU value of the PC sample decreased by ap-
prox. 12 kJ/m2 in relation to the P sample. The 
impact strength of the materials containing the 
other two extracts was at the same level as that 
of the pure polymer. In turn, the reference anti-
aging compound increased the impact strength of 

the material. The atU value of the R sample in-
creased by approx. 5 kJ/m2 compared to the value 
of the P sample. 

Also for impact strength, accelerated aging 
initially resulted in an increase in the atU value of 
the tested materials, which could be due to the 
arrangement of macromolecules. The atU value 
of sample P increased by 10 kJ/m2 after 1 month 
of aging. The magnitude of growth in materials 
depended on the type of extract. The smallest in-
crease of 5 kJ/m2 was observed for coffee extract. 
Much larger changes were observed for cocoa 
and cinnamon extracts, where the increase in atU 
value was 14 and 17 kJ/m2, respectively. An in-
crease at a similar level was observed for sample 
with reference compound where the atU value in-
creased by 12 kJ/m2.

As a result of progressing aging the impact 
strength of the tested materials decreased. The 
largest decrease in atU was observed for pure poly-
mer. The atU value of the P sample after 3 months 
of aging decreased by approx. 28 kJ/m2 relative 
to the non-aged sample. The proposed extracts 
inhibited the adverse effects of external factors 

Fig. 3. Impact of aging time on a) strain at maximum stress (εM), b) strain at break (εB) of tested materials; P – 
pure PLA; PK – coffee extract; PKK – cocoa extract; PC – cinnamon extract; R – reference sample 2 wt.% BHT
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occurring during accelerated aging limiting the 
decrease in impact strength of the obtained mate-
rials. Cinnamon extract turned out to be the most 
effective. The atU value of the PC sample only de-
creased by approx. 4 kJ/m2 relative to the non-
aged sample. A larger drop was observed for the 
PK sample, where the difference in atU between 
the aged and non-aged sample was about 8 kJ/m2. 
An even greater difference of about 15 kJ/m2 was 
recorded for the PKK sample. 

Importantly, the effectiveness of the extracts 
in inhibiting the decrease in impact resistance 
proved to be greater than the effectiveness of the 
reference compound. Although the final atU value 
of the R sample was about 6 kJ/m2 higher than the 
value obtained for the P sample, the total decrease 
in value was about 27 kJ/m2, i.e. it was practically 
the same as the decrease observed for the P sample.

Thermomechanical analysis

Due to the wide range of applications of pack-
aging materials and the resulting fact of using these 
materials to produce various types of packaging, 
it is important to know the operational properties 
at different temperatures. Packaging is often used 
or stored at elevated temperatures. Therefore, it 
is important to include learning about their me-
chanical properties at higher temperatures.

The value of the storage modulus at 30 °C 
(E’30) of sample P was about 2700 MPa (Fig. 6). 
E’30 values increased after adding the extracts. 
The E’30 values of PK, PKK and PC samples 
were higher by approx. 275, 450 and 615 MPa, 
respectively. The highest increase of approx. 810 
MPa was however recorded for sample R. The in-
crease is E’30 is probably the result of an increase 
in the stiffness of materials after introducing the 

Fig. 5. Impact of aging time on tensile-impact strength of tested materials; P – pure PLA; PK – cof-
fee extract; PKK – cocoa extract; PC – cinnamon extract; R – reference sample 2 wt.% BHT

Fig. 4. Impact of aging time on the Young’s modulus (E) of tested materials, P – pure PLA; PK – cof-
fee extract; PKK – cocoa extract; PC – cinnamon extract; R – reference sample 2 wt.% BHT
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powder filler matrix and a slight increase in the 
degree of crystallinity, which was confirmed by 
other studies. 

As with the other mechanical properties de-
scribed earlier, E’30 also increases after the ini-
tial period of aging. The increase in the arrange-
ment of macromolecules is probably also ac-
companied by an increase in the stiffness of the 
materials, which is indirectly confirmed by the 
decreasing deformation values of these materi-
als. The value of E’30 of sample P increased by 
about 600 MPa compared to an unaged sample. 
A similar increase was also observed for the PKK 
sample. Much smaller differences of approx. 

300 MPa were obtained for PK and PC samples 
as well as R samples.

The course of further E’30 changes along with 
the progressing aging time, however, depended 
on the tested material. A gradual decrease in E’30 
was observed for sample P. After 3 months of ag-
ing, the value of E’30 decreased by about 500 MPa 
relative to the sample after the shortest aging pe-
riod, reaching a value close to the value of the 
non-aged sample. A similar course of changes oc-
curred for the PKK sample. The difference E’30 
between a sample aged for 3 months and a sample 
aged for 1 month was about 510 MP, and the fi-
nal value was close to the value obtained for the 

Fig. 6. Impact of aging time on the storage modulus of tested materials deter-
mined at a) 30 °C, b) 50 °C and c) 70 °C; P – pure PLA; PK – coffee extract; PKK – co-

coa extract; PC – cinnamon extract; R – reference sample 2 wt.% BHT
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unaged sample. It should be noted, however, that 
despite the similar nature of the observed chang-
es, the material containing cocoa extract was 
characterized by much higher E’30 values. The 
differences between these materials reached 550 
MPa. The reduction of E’30 was also observed for 
sample R. The value of E’30 decreased by about 
180 MPa compared to the value obtained after 1 
month of aging. On the other hand, for PK and 
PC samples, an increase in the E’30 value was 
observed along with an increase in aging time. 
Compared to the samples aged by 1 month, the 
values   of E’30 of these samples were higher by 
about 350 and 410 MPa, respectively.

The course of changes in E’50 values of both 
non-aged samples and samples subjected to ag-
ing was very similar to the changes observed 
for E’30. The most important difference was the 
smaller E’50 values of analogous samples result-
ing from the changing material characteristics at 
higher temperatures. As the measurement tem-
perature approaches the glass transition tempera-
ture of the tested material, the value of the con-
servative module decreases, which is associated 
with the increase in the possibility of movement 
of polymer chains.

The increase in material temperature resulted 
in a further and very large decrease in the stor-
age modulus for both non-aged and aged samples. 
The E’70 values of most samples ranged from 30 
to 160 MPa. Exceptions were samples P and PKK, 
which after 2 and 3 months of aging were char-
acterized by high E’70 values. The large decrease 
in the behavioral modulus of most materials was 

caused by the proximity of the glass transition 
temperature (Tg), which was between 71 and 72.5 
°C depending on the material (Fig. 7). Only P and 
PK samples were characterized by higher Tg val-
ues of about 74 °C. Since the change in the stor-
age modulus within the glass transition is very 
rapid, a shift of only 2 °C in Tg is enough for the 
resulting E’70 values to be significantly higher 
than those obtained for the other samples.

CONCLUSIONS

The paper presents the result of studies on the 
impact of the accelerated aging process on select-
ed operational properties of polylactide films con-
taining natural antioxidants in the form of coffee, 
cocoa or cinnamon extracts, and the results were 
compared with the results of pure polylactide film 
and a film containing synthetic antioxidant.

It was found that the extracts used favorably 
affect the stability of the determined mechanical 
properties as a function of aging time. The ex-
tracts limited the decrease in tensile strength and 
tensile-impact strength observed for the material 
made of pure polylactide. The tensile strength of 
pure polylactide after the aging process was low-
er by 27% than the initial sample, while the val-
ues of the samples containing the tested extracts 
were similar to starting values. The tensile-impact 
strength after aging of pure polylactide decreased 
by 20%. For extracts, the decrease was smaller 
and ranged from 3% for cinnamon extract to 10% 
for cocoa extract. 

Fig. 7. Glass transition temperatures of selected samples; P – pure PLA; 
PK – coffee extract; R – reference sample 2% BHT
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The aging only slightly influenced the strain 
at maximum stress of materials and the differ-
ences obtained were not significant. The strain at 
break of materials was more prone to accelerated 
aging however, the decrease in all tested samples 
was similar – approx. 3% for materials with cin-
namon extract or reference anti-aging compound 
and approx. 5% for pure polylactide, coffee and 
cocoa extracts.

The storage modulus of pure polylactide, de-
termined at 30 and 50°C, increased by 18 and 3%, 
respectively after aging. The cocoa extract had the 
most positive effect on the stability of the storage 
modulus determined at different temperatures. 
The storage modulus at 30 and 50°C of samples 
containing cocoa extract only increased by 10 
and 9%, respectively. In the case of the remaining 
extracts, the changes were more significant and 
reached 30% of the initial value (coffee extract).

The obtained results were very often better 
not only than the values   obtained for pure poly-
mer, but also better than the values   obtained for 
the film containing the synthetic anti-aging com-
pound. Studies showed that the proposed plant 
extracts have a positive effect on the stability of 
the mechanical properties of the products manu-
factured from them, which will allow long-term, 
reliable and safe operation of packaging. the 
products manufactured with their help. Despite 
the fact that the presented materials were devel-
oped mainly with the packaging industry in mind, 
thanks to their properties and good resistance to 
aging processes, they can also be used in other 
industries, such as automotive, furniture or con-
struction industries.
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