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Abstract

In this paper, ecological-friendly materials based on ethylene—propylene—diene terpolymer (EPDM) with improved thermal
and radiation stabilities by Chlorella vulgaris (CV) and Spirulina platensis (SP) powders were investigated by complemen-
tary procedures: FTIR spectroscopy and isothermal and nonisothermal chemiluminescence (CL). The stabilization potential
of microalgae was evaluated at several degrees of y-radiolysis by 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scaveng-
ing assay, while the polymer resistances were studied on a large range of algal concentrations (1, 3, 5 and 10 mass%). The
carbonyl and hydroxyl indices of all degraded EPDM formulations were found to be two times smaller in the presence of
algal powders, if compared to the pristine material. Some dissimilarities between the oxidation development in pristine and
modified EPDM appeared, especially in unirradiated samples. The activation energies required for the oxidation of EPDM
and the lifetime of these samples at various temperatures between room temperature and 100 °C were calculated. The anti-
oxidant compounds existing in the studied microalgae proved a significant influence on the stability of EPDM, mainly in the
presence of SP, which was confirmed by the activation energies calculated from our CL results. The investigation of cycling
thermal degradation revealed the obvious contribution of additives towards delaying EPDM ageing.
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Introduction

The quality of packaging materials is mainly determined by
their oxidation resistance, which hinders material degrada-
tion and the contamination of foodstuff. The growth of the
microbial population and the generation of predominant haz-
ardous oxidation products such as alcohols and ketones from
polymeric material packaging are some of the main concerns
related to the material degradation that often require the
addition of protectors to their compositions. Additionally,
the handling of perishable food requires suitable packaging
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materials, which are properly stabilized themselves. Con-
cerning the improvement of thermal stability, various alter-
natives for the protection of polymers have been proposed:
synthesis antioxidants [1-3], plant extracts [4—7] or inor-
ganic additives [8, 9]. Despite the high antioxidant content
of algal additives with the efficient ability for the exten-
sion of material shelf life and durability, the attempts on
their implementation are still scarcely reported [10], and
regardless of their abundance, marine algae [11] have not
been largely qualified as the protectors against degradation
in packaging materials. However, the friendly antioxidants
added in their composition can provide important benefits
in the food packaging industry and commodities.

The oxidation of polymers is one of the most important
processes responsible for the ageing of materials. The degra-
dation mechanism of polyolefins, the predominant products
through the large spectrum of packaging materials, is pre-
sented elsewhere [12]. The relation between the performance
of the materials and the lifetime prediction is essential, when
specific applications are envisaged [13]. Accordingly, the
conditions under which the oxidative degradation occurs
must be well defined for avoiding the accelerated process
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including overexposure during operation. The understanding
and explanation of material resistance make possible the pre-
diction of a lifetime by controlling the environmental agents
(heat, UV exposure) acting during the product lifetime. This
basic approach explains the meaning of the protective action
of stabilizers.

The oxidation inhibitors are purposely added to the poly-
mer compositions towards changing the course of ageing.
The addition of microalgae powders as degradation delayers
in the formulations of polymers has been not extensively
studied, although the above-mentioned effect has attracted a
noticeable interest concerning biological purposes [14—16].
The presence of polyphenols (catechin, gallate, flavonoids),
polysaccharides, vitamins, carotenes and many other active
components (nutrients) is a reliable argument for the inhibi-
tion of polymer degradation. Their proportion is specifically
determined by the growing conditions [17]. Several micro-
algae are industrialized in the production of biofuel [18].
Despite extensive interest in the conversion of algal mass
into energy, their useful potential in the warranty extension
of organic substrates including polymer materials must not
be discarded.

The distinct question related to the oxidative protection
of polymers refers to evaluating the contribution of various
components, such as CV and SP, over the inhibition degree.
The previous comparative investigation on the antioxidant
properties of Chlorella vulgaris and Spirulina platensis was
reported in relation to the improvement effects in rainbow
trout [19]. Moreover, polysaccharides (arabinose, glucosa-
mine, galactose, mannose, xylose, glucose) from CV were
studied for the in vitro and in vivo protection of the oxida-
tion stress involved in the development of degenerative dis-
eases [20]. The improvement effects of lipids, proteins and
nucleic acids in the treatment of Alzheimer’s disease [21]
suggested the friendly peculiarity of microalgae as major
with peculiar antioxidant capacities. Similarly, the seaweeds
from the Danish coast act efficiently as screening factor for
oxidation due to the presence of phenolic compounds and
tocopherols [22].

It is well known that the protective activity of the main
antioxidant components in algal biomass depends strongly
on the type of algae and the place where they were grown
and harvested. Some examples of extracts containing Chlo-
rella vulgaris or Spirulina platensis with high antioxidant
capacities or stabilizing potential used for medical purposes
have been previously reported: polyphenol and carotenoid
contents [23, 24], carbohydrates and sulphated polysaccha-
rides [25], plant protein, carbohydrates, fat as essential oils,
vitamins, volatile components [26], flavonoids, f-carotene,
vitamin A, a-tocopherol, fatty acids, namely palmitic and
linoleic acids [27], proteins, vitamins, y-linoleic acid, essen-
tial fatty acid precursors for prostaglandin, phytocyanin,
-carotene, y-tocopherol and phenolic compounds [28].
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The present study describes the benefits of adding micro-
algae powders as ecological stabilizers for increasing the
stability of polymeric materials. Accordingly, the investiga-
tion was focused on the effects of CV or SP biomass, which
were added as nanofillers into the ethylene—propylene ter-
polymer. It was chosen as an illustrative example of poly-
olefin-based products. The advantages of this study involve
an eco-friendly alternative for material modification and
safe handling of polymeric products ameliorated by natural
antioxidants.

Experimental

Ethylene—propylene—diene monomer (EPDM) was pro-
vided by DSM Elastomers (The Netherland) as KELTAN
8340/A, whose formulation contains Smass% 5-ethylidene
2-norbornene as third diene component. The initial ethylene/
propylene ratio was 3:1. CV and SP were donated by the
R & D National Institute of Chemistry and Petrochemistry
(Bucharest, Romania). For the preparation of stock polymer
solution, raw EPDM was first solubilized in pure CHCl;.
A proper amount of mother solution was then subjected to
the separation of the insoluble polymer by pouring drop by
drop a small amount of water. After drying in an oven at
105 °C for 1 h, the new CHCl; mother solution free of manu-
facturing antioxidants can be prepared in the same manner.
This purification is required for avoiding the formation of
synergistic antioxidant couples with algal stabilizers. The
daughter samples were prepared by transferring aliquots of
25 mL stock polymer solution into glass bottles followed by
the addition of corresponding amounts of CV or SP powders
to obtain final loadings (1, 3, 5 and 10 phr) of each algal
additive. These separate bottles were the wet sources for
dry films. The proper volumes of daughter solutions were
poured in large stainless steel trays for the preparation of
films for infrared spectroscopic measurements and in small
round aluminium pans for the accomplishment of chemi-
luminescence determinations. The drying of samples was
carried out by evaporation at room temperature. y -Irradia-
tion was performed inside an irradiator Ob Servo Sanguis
(Hungary) equipped with a ®*Co source. The exposures were
accomplished in the air at room temperature. The perma-
nent rotation of irradiation assured uniform processing for
all samples. The available dose rate was 0.5 kGy h™!. The
applied heating cycling treatment was accomplished in an
electrical oven by isothermal processing at 180 °C. One ther-
mal cycle consisted of 3 h of heating followed by the 6 h of
storage on the laboratory table at room temperature.

The antioxidant activity was assessed by UV-Vis spec-
troscopy with a JASCO A-4200 (Japan) instrument after 50
scans. The thermal stability of each sample was determined by
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isothermal chemiluminescence (proper temperatures between
130 °C and 180 °C) and nonisothermal chemiluminescence
(3.7, 5.0, 10.0 and 15.0 °C min~!) using CL spectrometer
LUMIPOL 3 (Slovak Academy, Bratislava). The errors for
temperature measurements were placed within+0.5 °C. All
heating rates were carefully selected based on the diffusion
contribution on the oxidation of EPDM. A special mention
must be done for the rate of 3.7 °C min~", a low value, which
is convenient for the slow oxygen diffusion, which requires
a slight corresponding increase in the temperature. From the
CL isothermal spectra recorded on all compounded EPDM
samples at 160, 170 and 180 °C, the activation energies were
calculated according to Arrhenius equation (Eq. (1)):

Ea

I, =lye Fx €h)

where #, and ¢, are the values of oxidation induction times
(the moments when the degradation starts effectively
with significant measurable CL emission) for working
temperature, 7T,, and initial temperature, T}, respectively.
E, is the activation energy (kJ mol™') involved in the
studied process, and R is the universal constant of gases
(8.314 kJ K~ mol™}).

For the lifetime calculation of EPDM samples, a rearranged
relationship of the Arrhenius equation was applied (Eq. (2)):
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here T, is the temperature considered as the reference value.
In our calculation, T,.; was chosen as 433 K (160 °C). The
activation energies required for the oxidative degradation
of irradiated EPDM based on onset oxidation tempera-
tures, OOT (the temperatures when the degradation starts
effectively), are calculated with Eq. (3), the Kissinger
relationship:

()

d(1/T,) R

where f is the heating rate (K min™') and 7}, is the OOT
value corresponding to each heating rate. £, and R have the
same meanings as above.

Results and discussion

The DPPH assay measurements confirm the presence of
compounds with antioxidant activity in microalgae, show-
ing a linear increase in the inhibition action of DPPH on
free radicals with the increase in the irradiation dose. The
proportionality between the radical scavenging activity and
irradiation dose (Fig. 1) can be explained by the conversion

of some initial phenolic structures into other related con-
figurations which also exhibit the stabilization activity. This
assumption is based on the analogous behaviour of rosemary
[29] and carnosic acid [30]. The beneficial contribution of
y -exposure of Spirulina platensis was proved for the doses
less 1 kGy [31] by its stimulated growth. It was previously
demonstrated [32] that the former descendant structures of
natural antioxidants are themselves oxidation protectors.
Therefore, the similarity in the slops of inhibition degree vs
dose for both algal powders suggests the conversion of active
molecules either into the same number of molecules with
higher stabilization efficiency or into a higher amount of
smaller molecular mass antioxidants, but with overall higher
radical scavenging activity.

The antioxidant availability of biological components
in ripe avocados attracted attention due to their protective
capacity [33]. The extension of this type of investigation
onto algae powders is a new step on the manufacture way of
ecological polymer products. The prediction of longer shelf
life is disentangled by the characterization of the positive
contribution of natural extracts [34], in our case—the algal
powders. It was previously demonstrated that various ther-
mal analysis methods can depict functional features involved
in the improvement of material stability [35].

FTIR spectroscopy

The modifications induced by exposure of polymer com-
posites during the action of incidental y -radiation are the
consequences of the accelerated degradation in the polymer
substrate. The formation of free radicals during irradiation
follows a classical mechanism even the material is a pristine
form or it contains fillers or stabilizers [36, 37]. The higher
values of transmission for the hydroxyl band define the
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Fig. 1 Modification in antioxidant activities by of algal powders
y-irradiation. (1) Spirulina platensis; (2) Chlorella vulgaris
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presence of phenolic compounds in the initial formulation,
while the carbonyl band is a large one with several peaks
illustrating the polymer de gradation during storage and
handling (Fig. 1 S). There is not any difference between the
shapes and peak structures of the carbonyl band for the three
unirradiated EPDM samples. The accumulation of main

oxidation products, the alcohol and ketone configurations,
is comparatively presented in Fig. 2. The sustained increase
in the transmission values of carbonyl units indicates the
formation of degradation products directly by the reaction
between free radicals and diffused molecular oxygen.

However, the evolution of the hydroxyl band is the result
of the simultaneous generation of degradation compounds
and the decay of phenolic structures initially contained in
the algal mass. The overall behaviour of EPDM/algae pow-
der samples indicates turning onto an ageing process, when
the former structures are partially consumed. Even on the
advanced stage of degradation, the performed complemen-
tary thermal or radiochemical investigations reveal the pres-
ence of stabilizing components. The resistance of algal mass
against degradation is also proved by the values of activation
energies involved in oxidative degradation.

Thermal degradation

It is generally agreed that the permanently exposed polymer
materials are affected by chaining environmental factors. For
example, the temperature modification by the alternation of
day and night, mostly in wintertime, requires the investiga-
tion of cyclic heating that would demonstrate the material
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Fig.3 Nonisothermal CL spectra recorded on thermally aged EPDM
samples. Powder concentration: 5 phr; heating rate: 10 °C min~;

environment: air. (1) pristine EPDM; (2) EPDM Chlorella vulgaris;
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(3) EPDM/Spirulina platensis. a after one cycle; b after three cycles;
c after six cycles
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behaviour subjected to the sharp modification of operation
conditions. The alternation of heating and cooling applied
on the EPDM/algae specimens reveals the aiding effect of
natural phenols existing in Chlorella vulgaris and Spirulina
platensis. In Fig. 2 S, the higher stabilization efficiency of
SP concerning the contribution of CV at low concentration
(1 phr) is noticeable, when the protective action of added
algal powders enables a slight cross-linking. The increase
in the algae loading up to 5 phr causes visible differences in
the thermal resistance of EPDM samples (Fig. 3). After sev-
eral heating cycles the onset oxidation temperatures of neat
polymer decreased from 160 to 150 °C, when these samples
were measured after one and six cycles, respectively. After
the same heating treatment, the increases in OOT values
from 165 to 200 °C for EPDM/CV and from 220 to 230 °C
for EPDM/SP were noticed (Fig. 3).

The isothermal chemiluminescence spectra recorded on
unirradiated samples (Fig. 4) pointed out a great difference
that appears between the neat samples and the polymer
in the presence of CV or SP particles. The most obvious
contrast between the oxidation progresses is illustrated by
the comparison between the isothermal spectra recorded at

160 °C. While the oxidation evidently started after 120 min
in pristine EPDM, the same process becomes effective after
around 210 min in EPDM modified with Chlorella vulgaris
powder. The presence of Spirulina platensis starts the inhi-
bition of degradation later on (after 250 min). The good
protection efficiency of algal powders can be remarked at
180 °C. The most efficient contribution of Spirulina plat-
ensis can be highlighted at 170 °C, when a small increase
in the photoemission may be noticed at the oxidation peak
after 190 min.

The best improvement in polymer strength against oxida-
tion was achieved by the addition of SP. According to the
spectroscopic assay, when the higher content of phenolic
compounds is revealed, the nonisothermal CL curves for
EPDMY/SP are places on the right side indicating the high-
est contribution to the material protection. The obvious
consequence of the interaction between host polymer and
algal microparticles is depicted by the extension of product
durability and shelf life as well as in the longer period of
constancy in the physical characteristics.

The option of natural antioxidants for the manufacture
of food package attracts more and more interest [10, 38,
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Fig.4 Isothermal chemiluminescence spectra recorded for various states of modified EPDM samples. Filler concentration: a neat EPDM; b
EPDM with Spirulina platensis; ¢ EPDM with Chlorella vulgaris (1) 160 °C, (2) 170 °C, (c) 180 °C
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Table 1 The oxidation induction times (OIT) and corresponding activation energies for thermal degradation of nonirradiated EPDM from iso-

thermal CL measurements

Sample OIT/min Linear regression  Correlation Activation
factor energy/kJ] mol ™!
160/°C 170/°C 180/°C
Neat EPDM 150 55 10 y=-3.08+3.95x 0.99033 32.84
EPDM +CV 220 100 15 y=—639+544x 0.99995 45.23
EPDM + SP 320 180 10 y=-991+7.07x 0.98742 58.78

39]. Despite large applications of microalgae extracts for
medical purposes, their extended usage as polymer protec-
tors is currently little addressed, even though the oxidation
prevention is closely associated with the ecological features
of green products.

The oxidation induction time of evaluated for oxidative
degradation as the main kinetic parameter depicting the ther-
mal stability can be satisfactorily used in the calculation of
activation energies. In Table 1, these values show a notice-
able contribution of algal powders towards stability improve-
ment. If the activation energy value obtained for the EPDM
matrix stabilized with CV increases by 50%, the protection
activity of PS causes growth in its activation energy by 85%.
These results allow us to consider algal extracts as very effi-
cient antioxidants. The evaluation of the lifetime of EPDM
samples under different stabilization states (Table 2) reveals
once again the appropriate activities of algae (CV and SP) as
a minimizing factor in the thermal degradation of polymers.

Radiation degradation

The large variety of algal components having antioxidant
properties provides a consistent argument for their imple-
mentation in polymer protection. The oxidation reactions
occurring in the degradation mechanisms can be hindered by
the inhibiting step involving the hydroperoxide output. The
autocatalytic chain followed in the oxidation of polymers
can be broken, when the additive scavenges intermediates
(R and RO,") [40]. The efficiency of stabilization is mainly
proved by the evaluation of kinetic process parameters
describing the progress of alteration.

Table 2 Life time of modified EPDM at various temperatures

Regular Durability/day

temperature/°C
Neat EPDM +CV EPDM +SP
EPDM

20 7.76 61.83 543.30

40 331 18.88 116.26

60 1.56 6.64 29.94

80 0.80 2.63 8.99

100 0.44 1.15 3.07

@ Springer

The accelerated oxidative degradation accomplished
by y -irradiation reveals the contribution of algal compo-
nents on the delay of oxidative ageing. The isothermal CL
spectra recorded on irradiated samples (25 kGy-Fig. 3 S;
100 kGy-Fig. 5) demonstrate the real stimulation of protec-
tion by the addition of algal fraction in the formulations of
EPDM. As it was noticed in all stability investigations on
EPDM substrate, SP presents the best activity in the hin-
dering of oxidation. The efficiency of oxidation delay was
assessed by the calculation of activation energies required by
the degradation process (Table 3). The significant increase
of this picture proves the relevant effect of added algal pow-
ders to the relevant dropping down of energetic restrictions.
These values are in a good agreement with other reported
figures [41].

As it was previously proved with various plants, the
studied seaweeds have a noteworthy effect on the slowing
down oxidation process [42]. In the microalgae-stabilized
EPDM, the increase in the oxidation temperature causes an
early peak at 140 °C (Fig. 6). This peak is not present in the
pristine EPDM. It may be ascribed to the easily oxidized
components of SP or CV powders, but not to phenolic com-
pounds and flavonoids, which are more resistant. After y
-irradiation this peak disappears and the chemiluminescence
curves are shifted towards lower temperatures because of the
accelerated degradation of the matrix. The irradiation effect
is more accentuate because the stabilizing compounds are
absent. The two powders act similarly in the irradiated mate-
rial on the higher-temperature range. However, the diminu-
tion of oxidation peak at 140 °C takes place slower in the
presence of SP proving that its active antioxidant content of
nutrients is greater than in CV. If the nonisothermal chemi-
luminescence curves recorded for the same dose of the dif-
ferent compositions, it is easy to note that in the stabilized
polymer starts later than in unmodified EPDM. The direct
consequence of partial oxidation restraining is the extension
of operation temperature with a minimum 20 °C, which can
be reliably interpreted by an enlarged temperature limits for
the regular and light fatigable environment.

As it was reported with several modified polymers, the
structural effects brought about by the contribution of pro-
tection additive were noticed for a HDPE-based nanohybrid,
where the POSS filler content FTIR differentiates on the
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Fig.5 Isothermal CL spectra recorded on EPDM samples irradiated at 100 kGy. Filler concentration: 3 phr; environment: air a neat EPDM, b
EPDM/Spirulina platensis, c EPDM/Chlorella vulgaris (1) 140 °C, (2) 150 °C, (3) 160 °C

Table 3 The onset oxidation temperatures (OOT) and activation energies required for radiochemical oxidation of EPDM/algae microparticle

compounds from nonisothermal CL measurements

Sample Dose/kGy OO0T/°C Correlation Activation
o - o - S - S ——; coefficient energy/kJ
3.7/°C min 5.0/°C min 10.0/°C min 15.0/°C min mol~!
Control 0 209 215 225 230 0.99549 96.22
EPDM 25 193 194 206 215 0.98673 118.14
50 180 183 190 198 0.98737 123.55
100 170 175 186 190 0.99464 108.66
EPDM/SP 0 206 217 220 233 0.95362 156.14
25 205 208 215 222 0.99242 155.30
50 181 187 191 198 0.97125 147.24
100 176 181 188 192 0.99357 146.76
EPDM/CV 0 201 208 218 225 0.99548 143.49
25 195 200 204 212 0.99242 148.90
50 181 186 193 198 0.99554 142.58
100 174 179 185 190 0.99258 148.82

1400-900 cm™! spectral region of various blending com-
positions [37], for reclaiming PP wastes, whose thermal
behaviour is strongly influenced by the mixing ratio [43] or
for improvement of wearing resistance of EPDM [44].

The concentration of stabilizer is a main factor in modi-
fying the kinetic parameters of oxidation resistance. In the
cases of Chlorella vulgaris and Spirulina platensis, the
assessment of optimal loadings up to 10 phr confirms the
stabilization potential of algal mass over a large concentra-
tion scale (Fig. 7). The protection efficiency of microalgae
lutein was already reported [45], but only for the range of
food. There is limited information on the trigger of oxida-
tion effectively done by active components of microalgae.
Now, this hole is filled by the evaluation of contribution
brought about algae additives (Chlorella vulgaris and
Spirulina platensis) embedded in EPDM (Fig. 7). The
lowest concentration (1 phr) may be a proper option for

Chlorella vulgaris microparticles over the operating tem-
peratures less 175 °C, while the similar content of Spir-
ulina platensis has proved its inability to show satisfactory
protection effects. The higher loadings present increasing
antioxidant activities as their concentrations are greater.
Nevertheless, on the temperature exceeding 200 °C, there
is dissimilarity in the effectiveness of oxidation slowing
down. While SP maintains oxidation state at lower levels,
CV does not attain a similar performance. This behaviour
would be ascribed to the differences in their compositions
that exist being proved by FTIR assay (see Sect. 3.2). In
regular situations, the degradation of polymer packaging
materials supposes the temperature of less than 100 °C,
when the material resists with or without a protector. But
over a long-term degradation or after the processing of
several repeated thermal cycles, the material ageing leads
to a significant accumulation of oxidation products [46],

@ Springer
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Fig. 7 Nonisothermal CL spectra recorded on unirradiated EPDM/algal mass samples Heating rate: 10 °C min™
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whose effect is similar to the consequence at higher tem-
peratures. The addition of ageing inhibitors like SP or CV
extracts, friendly products, is compulsory for avoiding
the structural deterioration of packaging sheets normally
accompanied by their migration into sealed food. Though
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a comparative analysis of the efficiency of natural antioxi-
dants in polypropylene was published [41], the scavenging
effects of seaweeds extracts were never reported.

The sterilization dose (25 kGy), an efficient treat-
ment usually applied for destroying micro-organisms and
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their pathogenic products, modifies only the activity of
CV (Fig. 4 S). If the nonisothermal chemiluminescence
spectrum of EPDM with a low concentration (1 phr) of
SP reveals the strongest protection contribution, the sam-
ples containing CV present similar concern, mostly at the
temperature less 200 °C. In these cases, the formation of
oxygen-containing products depends not only on the filler
amount, but also on the interaction efficiency of the active
component of added algal powders. It may assume that
the difference in the antioxidant activities of Spirulina
platensis and Chlorella vulgaris [19] is extended under
y-irradiation.

Conclusions

This paper analyses the protection effects of Spirulina plat-
ensis and Chlorella vulgaris on the improving EPDM ther-
mal stability as an example of polyolefin class of plastics.
These natural antioxidants show their efficiency either in
thermal degradation or in hazardous circumstances where
ionizing radiation causes profound damages in polymers.
In the case of polymer sheets destined to the manufacture
of food packaging, where environmental stressors act per-
manently on the damaging polymer sheets, the stabiliza-
tion version with these microalgae would be preferred over
a large scale of concentration. The increase in the activa-
tion energies of oxidation and the enhanced durability in
the presence of algae extracts attained at high temperatures
(up to 100 °C) are the significant advantages for the selec-
tion of Spirulina platensis and Chlorella vulgaris as the
protector additive in several polymer formulations. The
ageing that degrades polymers is efficiently delayed by
SP and CV due to their polyphenolic contents. The pre-
sented results of this kinetic study recommend these algae
as proper oxidation protectors providing longer shelf life
and handling durability. These features are confirmed by
the increase in the activation energy values concerning
neat EPDM. The CL assay is a proper way by which the
protection activity against oxidative degradation can be
relevantly demonstrated.
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