
1. Introduction
UV-C radiation, or ultraviolet germicide radiation
(UVGI), is a part of the electromagnetic spectrum
with wavelengths between 200 and 280 nm. Several
studies in the literature [1–5] demonstrate its effi-
ciency in inactivating fungi, viruses, and bacteria,
rendering it a promising alternative for disinfecting
objects and surfaces, especially in medical and hos-
pital environments.

However, it is essential to recognize that UV-C ra-
diation affects not only the microorganisms but also
affects the materials. This range of the electromag-
netic spectrum has energy close to the bonds present
in polymeric materials. Consequently, it can induce
photodegradation reactions, leading to changes in the
properties and characteristics of the material and,
consequently, diminishing its useful life [6, 7]. Poly -
propylene, a material widely used in medical and
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hospital environments [8], would be one of the ma-
terials subjected to disinfection processes and, con-
sequently, to degradative processes caused by UV-C
radiation.
The photodegradation process for polypropylene has
been extensively studied, particularly concerning its
exposure to solar radiation, UV-A, and UV-B. The
main reactions involved in this process are predom-
inantly β-scission, implying chain breakage and,
consequently, reduction in the molar mass for PP [9,
10]. Additionally, reduction in elongation at break
and tensile strength, formation of carbonyl groups,
color changes, decrease in melting temperature, in-
crease in the crystallinity, and formation of cracks
on the surface are also observed [11–19]. The latter
two phenomena are closely associated with the
chemi-crystallization process.
Research on the impact of UV-C radiation in poly-
mers is limited because the ozone layer effectively
filters out UV-C radiation, preventing it from reach-
ing the Earth’s surface. However, it is gaining im-
portance as it has proven to be effective in the med-
ical field. The changes in properties reported in the
literature [20–22] are similar to those observed in
photodegradation caused by radiation in other ultra-
violet regions but occur at greater intensity, even for
shorter irradiation periods. Nevertheless, these stud-
ies do not provide an approach regarding the use of
stabilizers against UV-C radiation.
Using additives is an alternative to minimize the
degradative process in polymeric materials. The most
commonly used additives for stabilization during the
processing and service of polyolefins are phenol-
based, such as pentaerythritol tetrakis[3-[3,5-di-tert-
butyl-4-hydroxyphenyl]propionate (Irganox 1010).
These additives are classified as primary antioxi-
dants, acting as H-donors for peroxyl radicals. After
donating hydrogen, the phenolic additives remain
active through the internal delocalization of elec-
trons, further stabilizing free radicals in the medium.
However, despite the efficacy of these additives,
quinones may be formed in their structure during the
stabilization process. These groups result in polymer
yellowing and can act as chromophores under UV-C
radiation [23, 24].
As an alternative to phenolic additives, hydroxy-
lamine-based antioxidants act as a stabilizer for poly-
mers without forming chromophore groups. Their
mechanism of action consists of donating labile hy-
drogen to peroxyl radicals, resulting in the formation

of an aminoxyl radical in their structures. Through
internal electron delocalization, they can remain ac-
tive, capturing free radicals in the medium and do-
nating more hydrogens to peroxyl radicals [6, 25].
Studies on bis(octadecyl)hydroxylamine, the main
additive of this class, have primarily focused on pro-
cessing [26–28]. However, the formation of aminoxyl
radicals in their structure may suggest potential ef-
ficiency against photo-oxidation similar to Hindered
Amine Light Stabilizers (HALS) [25].
Additionally, there are specific classes of additives
designed for combating photodegradation, such as
UV absorbers. These additives absorb incident radi-
ation at specific wavelengths based on their molec-
ular structures and compete with other chromophore
groups in the polymer. After radiation absorption, the
molecules return to their ground state by dissipating
energy in heat without forming free radicals [7].
Hydroxyphenyl triazine-type is one of the additives
present in the UV absorbers class, commonly for
protecting polyesters against radiation in the UV-A
range, and has proven to be effective in stabilizing
[29–32]. However, these also show good absorption
in the UV-C wavelength region and may present po-
tential uses against UV-C radiation.
To address gaps in the literature regarding the effec-
tiveness of additives in protecting polymers exposed
to UV-C radiation, this study aimed to evaluate the
performance of conventional phenolic (Irganox 1010)
and hydroxylamine (Irgastab FS 042) antioxidants,
as well as UV absorbers (Tinuvin 1577), in terms of
stabilization capacity in polypropylene subjected to
different doses of UV-C radiation. To our knowl-
edge, this study marks the first instance in which a
phenolic and hydroxylamine-based additive PP com-
pound has demonstrated effective protection against
UV-C radiation, relying on synergistic effects with
UV absorber.

2. Experimental
2.1. Materials
The polymer used was a polypropylene homopoly-
mer free of any additives (DP 5000 SCPV, Braskem,
Brazil). The stabilization system included four dif-
ferent types of additives: Irganox 1010 (BASF,
Florham Park, USA), a phenolic primary antioxi-
dant, Irgafos 168 (BASF, Basel, Switzerland), a sec-
ondary antioxidant phosphite-based, and Irgastab FS
301 FF (BASF, Basel, Switzerland), a blend of Ir-
gafos 168 and Irgastab FS 042 (primary antioxidant
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and free radical scavenger), in a 1:1 ratio. Addition-
ally, Tinuvin 1577 (BASF, Ludwigshafen, Germany),
a hydroxyphenyl triazine-type UV absorber, was used
due to its effective absorption in the UV-C wavelength
range. The chemical structures, chemical nomencla-
ture, and commercial names of these additives are
presented in Table 1.
For the study, six formulations were prepared, the first
formulation consisted of additive-free polypropy-
lene. The subsequent two formulations consisted of
primary and secondary antioxidants, maintaining a

1:2 weight ratio with the content of secondary an-
tioxidants fixed at 1000 ppm. For these, the primary
antioxidants were varied between phenolic and hy-
droxylamine. The remaining three formulations in-
cluded the addition of 2000 ppm of Tinuvin 1577 to
each of the previous formulations. The additive con-
tent for each formulation is detailed in Table 2.
The concentrations of primary antioxidants were cal-
culated, conforming to the hydrogen-donating capac-
ity by molecular weight. Irganox 1010 contains four
reactive sites and has a molar mass of 1178 g/mol,
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Table 1. Chemical nomenclature, CAS number, trademark, abbreviations, and chemical structure of the additives used in
this study.

Chemical nomenclature, CAS number and
trademark Abbreviation Chemical structure

Pentaerythritol tetrakis[3-[3,5-di-tert-butyl-4-
hydroxyphenyl]propionate

(6683-19-8)
(Irganox® 1010) 

A1

Tris(2,4-di-tert-butylphenyl) phosphite
(31570-04-4)
(Irgafos® 168)

P2

Bis(hydrogenated tallow alkyl)amines, oxidized
(143925-92-2)

(Irgastab® FS 042)
N1

Phenol,
2-(4,6-Diphenyl-1,3,5-triazin-2-yl)-5-hexyloxy

(147315-50-2)
(Tinuvin® 1577)

UV1



resulting in a theoretical capacity of 3.39·10–3 H.mol/g
of additive. In contrast, Irgastab FS 042 has a molar
mass of 538 g/mol and possesses only one reactive
hydrogen in its structure. However, this molecule re-
mains active, achieving an experimental stabilization
capacity of 1.8 radicals per molecule of additive, as
reported in the literature [25]. This results in an ef-
fective capacity of 3.35·10–3 H.mol/g of additive.
This unit represents the number of labile hydrogens
available for radical stabilization per gram of additive.

2.2. Processing
The samples were processed in an internal mixer
Haake Rheomix 600 (Thermo Fisher Scientific,
USA), with counter-rotating roller-type rotors at
200°C and 100 rpm under an air atmosphere. Addi-
tives were added to the system after 30 s of mixing,
with the polymer in the molten state, and the total
residence time in the mixer was 2 min. After prepa-
ration, the formulations were shaped in a hydraulic
press (MPH-10, Til Marcon, Brazil) at a temperature
of 190°C and a pressure of 1 kgf (9.806650 N), re-
sulting in films approximately 180 µm thick. Finally,
the films were stamped into the shape of tensile test
specimens according to ASTM D1708-18.

2.3. Exposure to UV-C radiation
The prepared specimens had both faces exposed to
UV-C radiation (254 nm) in a chamber consisting of
two low-pressure mercury lamps of 4 W each, type
T5/G5. The chamber also included a ventilation sys-
tem to remove ozone. The specimens were positioned
10 cm from the lamps, where the irradiance, meas-
ured with a ThorLabs PM 200 (ThorLabs, Newton,
USA) device and an S140C sensor, was 60 W/m2.
The specimens were exposed for 24, 48, and 96 h,
corresponding to nominal doses of 1000, 2000, and
4000 J/cm2, respectively, based on the energy inci-
dent on the sample. Therefore, to calculate the ab-
sorbed dose, a unitary quantum yield was considered.

2.4. Characterization
2.4.1. Size exclusion chromatography (SEC)
Size exclusion chromatography (SEC) analyses were
conducted on a Viscotek high-temperature size ex-
clusion chromatograph, model GPC5351US – Vis-
cotek Automated Conventional HT-GPC System
(Malvern Panalytical Ltd, United Kingdom), with a
refractive index detector (IR). The equipment oper-
ated with 3 columns (HT-806M, General mixed
HT-GPC column 300×8 mm) (Shodex, Tokyo, Japan)
suitable to detect molar masses between 1000 and
20 000 000 Da. Samples were solubilized in 1,2,4-
trichlorobenzene (TCB) HPLC grade (Sigma Aldrich,
Saint Louis, USA) stabilized with 1% 2,6-di-tert-
butyl-4-methylphenol (BHT) (Sigma Aldrich, Saint
Louis, USA). The test temperature was maintained
at 150 °C with a flow rate of 1 mL/min in the main
and auxiliary pumps. The equipment calibration curve
was obtained using 12 monodisperse polystyrene
standards (UCS 2000, Malvern Panalytical Ltd, Unit-
ed Kingdom) with molar masses between 1050 and
3800000 Da.

2.4.2. Rheological analysis
Parallel plate rheometry was performed using a ro-
tational rheometer, model AR-G2 (TA Instruments,
New Castle, USA), under controlled stress. The meas-
urements were conducted with a 25 mm diameter
plate and a 0.5 mm gap. Steady-state tests were car-
ried out at 180 °C in a nitrogen atmosphere with a
flow rate of 10 L/min, at shear rates ranging from
0.01 to 10 s–1. The zero-shear viscosity values were
calculated from a linear regression in the Newtonian
plateau region.

2.4.3. Fourier transform tnfrared spectroscopy
(FTIR)

Fourier transform infrared spectroscopy (FTIR) tests
were conducted on a Nicolet 6700 instrument (Thermo
Fisher Scientific, Madison, USA) in transmission
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Table 2. Composition of prepared formulations [ppm].

Sample Irganox 1010
(A1)

Irgastab FS 042
(N1)

Irgafos 168
(P2)

Tinuvin 1577
(UV1)

Neat PP 0 0 0 0
PP + A1/P2 500 0 1000 0
PP + N1/P2 0 500 1000 0
PP + UV1 0 0 0 2000
PP + A1/P2 + UV1 500 0 1000 2000
PP + N1/P2 + UV1 0 500 1000 2000



mode, with 64 scans at a resolution of 2 cm–1. The
analysis was performed in triplicate. The carbonyl
index (CI) was calculated according to the Equa-
tion (1), where AC=O represents the area under the
carbonyl peak (baseline between 1660 and 1800 cm–1)
and A2722 represents the area under the reference
peak (baseline between 2750 and 2696 cm–1):

(1)

2.4.4. Contact angle
Contact angle measurements were performed using
the sessile drop method, with deionized water, and a
Ramé-hart 260-F4 Series-DROPimage Advanced
v2.7 goniometer (Ramé-hart instrument, Succasunna,
USA) for angle measurement. Three measurements
were taken for each drop, and three drops were tested
for each sample.

2.4.5. Mechanical tests
Tensile tests were performed using an Instron 5569
Universal Testing Machine (Instron, Norwood,
USA) following the ASTM D1708:18 standard for
microtensile specimens with a thickness of
0.180±0.01 mm. The tests were performed at a speed
of 1 mm/min, using pneumatic side-action tensile
grips, a 500 N load cell, and a grip separation dis-
tance of 14.5 mm. The environmental conditions fol-
lowed the ASTM D618 standard, with a relative hu-
midity of 50±5% at room temperature (23±2 °C).
Five specimens were tested for each formulation.
The elongation at break was calculated using the
crosshead displacement method, according to the
Equation (2), where εb is defined as elongation at
break, Lf is the final length at the point of rupture
and L0 is the initial distance between the grips:

(2)

2.4.6. Statistical tests
The statistical tests of ANOVA and Tukey for multi-
ple comparisons of means were conducted using
Minitab software, with a significance level of 5%
(α = 0.05) for the results of carbonyl index, contact
angle, and elongation at break. The analyzed results
were designated by letters in each of the respective
figures, with equal letters assigned to statistically
similar values.

3. Results and discussion
Figure 1 presents the carbonyl index calculated for the
test specimens as a function of UV-C radiation dose.
Among the samples prepared without a UV absorber,
an increase in the carbonyl index can be observed
after exposure to a dose of UV-C radiation of
1000 J/cm2, which occurs more intensely for neat PP
and, to a lesser extent, for the additive-containing
samples. In other words, regardless of the class or set
of additives used, all showed a lower carbonyl index
compared to neat PP, indicating a positive effect of
stabilizers. As the irradiation time increases, it is also
noticeable that the evolution of the carbonyl index
occurs nonlinearly, with the growth rate being higher
at longer irradiation times. Both antioxidants used
showed the same carbonyl group formation index.
It is important to emphasize that the FTIR analyses
were conducted in transmission mode. Consequent-
ly, the entire sample thickness was considered in the
calculations. Previous research demonstrated that
photodegradation in polypropylene occurs heteroge-
neously, with the intensity of the degradative effects
varying along the film’s thickness due to the depend-
ence on oxygen availability, with a higher concen-
tration of carbonyl groups near the surface [33].
Nevertheless, a comparative analysis can still be
conducted between the formulations, as they have
the same thickness, allowing for a meaningful com-
parison of the different stabilizers despite the influ-
ence of oxygen concentration gradients.
The UV absorber alone in PP stabilization provides
greater stability compared to those with antioxidants

CI A

A

2722

C O= =

%L
L L

100
0

0
b

f $f =
-

M. V.  Basaglia et al. – Express Polymer Letters Vol.19, No.2 (2025) 124–139

128

Figure 1. Carbonyl index as a function of radiation dose for
(Neat PP), (PP + A1/P2), (PP + N1/P2), (PP +
UV1), (PP + A1/P2 + UV1) and (PP + N1/P2 +
UV1). Significantly different values among groups
are indicated by different letters (α < 0.05).



only. However, significant carbonyl group formation
can still be observed after a dose of 1000 J/cm2, cor-
responding to 24 h of irradiation. In contrast, using
a UV absorber in combination with other antioxidant
additives effectively promoted stability in the poly-
mer, as the variation in the carbonyl index did not
show significant changes even after a dose of
4000 J/cm2 (96 h). This behavior may indicate a syn-
ergistic stabilization effect.
A synergism between additives refers to an interac-
tion combining two or more additives that leads to a
performance enhancement that exceeds the sum of
their individual effects. This occurs when the addi-
tives complement each other’s functions, amplifying
their protective or stabilizing capabilities [34]. In the
context of photodegradation of polypropylene, syn-
ergistic effects have been widely reported in the lit-
erature, as various degradation pathways are ad-
dressed simultaneously, enhancing the overall stabi-
lization of the material. For instance, the combina-
tion of low and high molecular weight HALS has
been shown to enhance stability through synergistic
effects [34], similar to the interactions observed
through the combination of UV absorbers with
HALS [35, 36] and the use of HALS alongside phos-
phites [37].
In the context of this study, the use of UV absorbers
alone reduces the absorption of incident radiation by
the chromophoric groups present in the material,
thereby decreasing the generation of free radicals.
However, it does not completely prevent their for-
mation, leading to residual degradation. In contrast,
antioxidants can stabilize some of the radicals
formed, but their efficacy is limited by the sheer
number of radicals in the system. Nevertheless,
when UV absorbers and antioxidants are used to-
gether, fewer radicals are generated, allowing the an-
tioxidants to neutralize the remaining radicals more
effectively, which consequently slows down the ma-
terial’s degradation.
It is important to note that during the photodegrada-
tion process, different carbonyl group species are
formed, which are contained in the spectral region
between wavenumbers 1660 and 1800 cm–1 and con-
tribute to the calculation of the carbonyl index. This
fact is evident in Figure 2, which shows the evolu-
tion of the FTIR spectrum for non-additivated PP as
a function of radiation dose.
It is also possible to observe that with increasing the
radiation dose, the maximum absorption peak shifts

from 1710 to 1714 cm–1. To better clarify this effect,
the curves were deconvolved, as shown in Figure 3.
The literature reports variations in wavenumber as-
signments depending on the formed groups [38–43].
In the model used in this study (Figure 3), the best
mathematical fit was achieved using the Voigt model
with seven peaks, attributed to possible products
formed during the photo-oxidative degradation
process. These groups include unsaturated ketones
(1685 cm–1), conjugated ketones (1702 cm–1), car-
boxylic acids (1713 cm–1), ketones (1723 cm–1),
 esters and aldehydes (1736 cm–1), peresters and
peracids (1757 cm–1), and lactones (1780 cm–1). Ad-
ditionally, the evolution of the concentration of car-
bonyl compounds can be calculated according to the
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Figure 2. Normalized FTIR spectra in the carbonyl absorp-
tion region for neat PP as a function of radiation
dose.

Figure 3. Mathematical deconvolution of the FTIR spectrum
in the carbonyl region for a sample of Neat PP
after a radiation dose of 4000 J/cm2 of UV-C radi-
ation.



respective molar absorption coefficient for each
product [42–44], as shown in Figure 4.
Ketones are the predominant carbonyl products, fol-
lowed by carboxylic acids. These groups appear
early in the degradation process and remain predom-
inant at all analyzed exposure times. The use of an-
tioxidants or UV absorbers alone is insufficient to
inhibit the formation of these groups, as they are de-
tectable in the first evaluation, with a dose corre-
sponding to 1000 J/cm2. For the formulations (PP +
A1/P2 + UV1) and (PP + N1/P2 + UV1), it was not
possible to deconvolute the curves for the doses of
1000 and 2000 J/cm2, indicating very low concen-
trations of these groups at these radiation doses.
The formation of other carbonyl groups, such as es-
ters, peresters, lactones, and unsaturated ketones,
only appears at more advanced stages of degrada-
tion, indicating that during the photodegradation
process, the formation of certain groups varies with
time and the concentration of other carbonyl groups
present. This fact has been reported by other authors
in the literature [16, 21, 38, 41] and explains the shift
of the peak maximum absorption from 1710 to
1714 cm–1 observed earlier in Figure 3. Furthermore,
using antioxidants combined with UV absorbers pre-
vents the formation of these groups even after a dose
of 4000 J/cm2. It is important to reiterate that the
concentrations were measured across the entire sam-
ple. These concentrations may vary in intensity de-
pending on the depth, meaning that the concentration
of certain carbonyl groups may be more or less
prominent at different depth levels.
Thus, it is possible to outline the possible reactions
during the photodegradation process. In the initial

stages, the main group responsible for initiating the
photodegradation reactions is the hydroperoxides re-
sulting from other oxidative processes [9]. As shown
in Figure 5, after the absorption of radiation, there is
a probability that hydroperoxides undergo homolytic
cleavage of the O–O bond, resulting in the formation
of alkoxyl macro radicals [45]. These macro radicals
are susceptible to β-scission reactions, predominantly
resulting in the cleavage of the polymer’s main chain.
In the presence of oxygen, propagation reactions of
peroxyl and alkoxyl radicals may also occur, as
shown in Figure 5. In this process, hydrogen will be
extracted from the tertiary carbon (which has lower
bond energy), leading to the sequential formation of
hydroperoxides [6]. Another potential reaction path-
way for macroradical alkoxyls involves abstracting
hydrogen from adjacent polymeric chains, forming
tertiary alcohols, as previously observed by other au-
thors [46]. However, O–H bonds formed have an en-
ergy equivalent to 254 nm radiation (471 kJ/mol),
making these bonds easily breakable. Thus, besides
generating a new radical in the adjacent chain, the
initial polymeric chain remains reactive, which is
one of the reasons for the significant increase in free
radicals in the system under UV-C radiation.
The ketone groups formed after β-scission reactions
are also responsible for triggering the degradation
process occurring by Norrish reactions, as illustrated
in Figure 6. These reactions can be of type I, where
α-cleavage occurs through homolytic cleavage of
the bond between the carbonyl group and the adja-
cent carbon (α-carbon), or type II, where β-cleav-
age occurs through abstraction of the hydrogen from
the third carbon in the main chain (γ-carbon). The
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Figure 4. Concentration of carbonyl groups as function of UV-C radiation dose.



products formed can vary depending on the group’s
position in the chain. If the ketone is in the middle
of the polymer chain, type I Norrish reactions are
more likely, while if the ketone is linked to a methyl
group, the probability of type II Norrish reactions in-
creases. Temperature also influences the kinetics of
reactions. While type I reactions predominate at high

temperatures, ambient temperature favors the occur-
rence of type II reactions [9, 10].
In the case of Norrish type I reactions, specifically
α-cleavage, the generated radicals can react with
oxygen or other alkoxyl and peroxyl radicals, leading
to the formation of carboxylic acids, esters, and per-
esters, as also shown in Figure 6. Carboxylic acids
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Figure 5. Initiation of photodegradation reactions, propagation reactions and formation of ketones from alkoxyl radicals.

Figure 6. a) Norrish type I and II reactions and formation of ketones, esters, peresters, carboxylic acids and b) lactones during
photodegradation.



may also result from the reaction between peroxides
and ketones. Additionally, the production of volatile
compounds has been observed in other studies when
the α-cleavage reaction takes place in a ketone near
the end of the polymer chain [47]. Finally, the for-
mation of lactones, also observed with the deconvo-
lution of the curves, occurs from carboxylic acids or
sequential hydroperoxides.
After confirming the material functionalization in re-
sponse to UV-C radiation, characterization was per-
formed through measurements of static water contact
angle using the sessile drop method. The results are
presented in Figure 7.
The measured values of the contact angle show a
good correlation with the calculated carbonyl index
values, where an increase in the concentration of car-
bonyl groups results in a decrease in the water contact
angle. As carbonyl groups have a more polar nature
than the carbon bonds in the polymeric chains of PP,
they promote an increase in surface hydro philicity
with prolonged exposure to UV-C radiation. Remark-
ably, similar to neat PP, which exhibits the highest
concentration of carbonyl groups after the irradiation
process, it also demonstrates lower contact angle val-
ues in measurements at all exposure times.
Additionally, it is observed that the presence of an-
tioxidant additives or UV absorber alone results in a
less pronounced decrease in the contact angle com-
pared to neat PP. On the other hand, the combination
of UV absorber with antioxidants, regardless of their
class, maintains contact angles for doses up to

2000 J/cm2 of UV-C radiation, with statistical vari-
ation occurring only after exposure to a dose of
4000 J/cm2.
Rheology and size exclusion chromatography tests
were also conducted to analyze the effects of UV-C
radiation on the reduction of PP molar mass, as well
as the effects of the added additives.
The molar mass distribution curves are presented in
Figure 8, and the values of the number-average
molar mass (Mn

—), weight-average molar mass (Mw
—),

polydispersity (PD), and zero shear viscosity (η0) are
shown in Table 3. Rheological test data were pre-
sented in relative terms (Figure 9), where the non-
irradiated zero-shear viscosity for each composition
was used as a reference. The η0 values obtained from
the irradiated samples were divided by the η0 value
of the corresponding non-irradiated sample. This ap-
proach was adopted because the incorporation of ad-
ditives was performed in an internal mixer, and dif-
ferent stabilization systems resulted in varying molar
mass and, consequently, different η0 values for the
non-irradiated formulations. Thus, a relative com-
parison between the η0 values concerning their re-
spective non-irradiated samples allows for a better
interpretation of variations related to UV-C radia-
tion-induced degradation.
To provide further clarity on the topic, it is important
to first address the issue of degradation heterogene-
ity. It can be observed in Figure 8 that all presented
curves exhibit a monomodal behavior, similar to that
found in another study in the literature that analyzed
the effects of degradation at different depth levels
[48]. If any portion of the film were not subjected to
degradative processes, one would expect to observe
a bimodal distribution or polymer chains with un-
changed molar mass. This suggests that, although the
extent of degradation may have varied at different
depths, it affected the entire thickness of the speci-
men, as evidenced by the observation of an unimodal
distribution rather than a bimodal one.
For all formulations, a reduction in molar mass and
viscosity at zero-shear rate is noticeable with in-
creasing the dose of UV-C radiation. This is due to
the photodegradation reactions of polypropylene,
primarily involving chain scission, resulting in a de-
crease in molar mass and, consequently, a decrease
in material flow resistance. As shown in Table 3, this
reduction in molar mass is accompanied by a nar-
rowing of the molar mass distribution of PP, decreas-
ing its polydispersity.
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Figure 7. Water contact angle as a function of radiation dose
for (Neat PP), (PP + A1/P2), (PP + N1/P2), (PP +
UV1), (PP + A1/P2 + UV1) and (PP + N1/P2 +
UV1). Significantly different values among groups
are indicated by different letters (α < 0.05).



It is also observed, as expected, that the formulation
completely free of stabilizers was the most affected
in the early exposure times, showing a reduction in
the values of Mw

— from 316000 to 233000 Da, which
resulted in a relative η0 close to 20% after a radiation
dose of 1000 J/cm2.
Incorporating primary and secondary antioxidants
without UV absorbers proved effective, particularly
for doses up to 1000 J/cm2, demonstrating a η0 re-
tention close to 50%. However, for radiation doses
greater than 2000 J/cm2, the relative η0 values ap-
proached those of the non-stabilized PP.
As mentioned earlier, UV-C radiation has enough en-
ergy to break bonds that would remain stable with
exposure to other wavelength ranges within the ul-
traviolet region, leading to a significant concentra-
tion of free radicals in the system. Consequently, the
effectiveness of stabilizers may not be as pronounced
after a radiation dose of 4000 J/cm2.

When a UV absorber was added to the stabilization
system containing antioxidants, it was observed that,
even after exposure to 2000 J/cm2, the values of Mw

—

and viscosity remained practically unchanged com-
pared to those same non-irradiated formulations,
showing a reduction of 9% for the PP + A1/P2 +
UV1 and less than 2% for the PP + N1/P2 + UV1.
This outcome is attributed to the synergistic effect
of the additives described previously, in which the
UV absorber competes with chromophore groups for
radiation absorption, thereby balancing the rate of
free radical generation in the system with their cap-
ture by antioxidant additives. This effect was partic-
ularly noticeable within doses of 2000 J/cm2, while
after a radiation dose of 4000 J/cm2, changes in
molar mass due to the degradation process were ob-
served. Furthermore, the formulations containing
UV absorbers and antioxidants (regardless of class)
demonstrated superior maintenance of molar mass
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Figure 8. Molar mass distribution curves in the function of radiation dose for a) Neat PP, b) PP + A1/P2, c) PP + N1/P2 and
d) PP + N1/P2 + UV1.



and viscosity over exposure time compared to other
formulations studied.
Through these tests, a certain differentiation in the
performance of phenol-based and hydroxylamine-
based stabilizers became apparent. Despite exhibit-
ing lower values of Mw

— and η0 for non-irradiated
samples, after 24 h of irradiation (1000 J/cm2), the
values of molar mass and viscosity at zero shear rate
were higher for samples containing Irgastab FS 301
FF, indicating a greater effectiveness of hydroxy-
lamine-based additives compared to phenolic ones
for shorter irradiation times. The same trend was ob-
served for formulations containing hydroxylamine in
conjunction with a UV absorber, and in this case, the
relationship persisted for up to 48 h (2000 J/cm2).
However, for prolonged exposure times (radiation
doses equivalent to 4000 J/cm2), it was observed that
the presence of phenolic stabilizers in the system re-
sulted in higher stabilization efficacy, with the for-
mulation (PP + A1/P2 + UV1) showing the highest
retention in η0 values. In other words, the stabilization
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Table 3. Number average molar mass (Mn
—), weight average molar mass (Mw

— ), polydispersity (PD) and zero shear rate vis-
cosity (η0) for (Neat PP), (PP + A1/P2), (PP + N1/P2), (PP + UV1), (PP + A1/P2 + UV1) and (PP + N1/P2 + UV1).

Sample UV-C radiation dose
[J/cm2]

Mn
—

[Da]
Mw
—

[Da] PD η0
[Pa·s]

Pristine PP – 213000 695000 3.26 6400

Neat PP

0000 120000 316000 2.63 1300
1000 102000 233000 2.28 0280
2000 087000 185000 2.12 0200
4000 057000 099000 1.73 0090

PP + A1/P2

0000 168000 423000 2.52 5200
1000 127000 336000 2.64 2300
2000 121000 273000 2.25 1400
4000 065000 130000 2.00 0340

PP + N1/P2

0000 158000 403000 2.55 4500
1000 150000 347000 2.31 2200
2000 101000 215000 2.12 0700
4000 066000 136000 2.06 0170

PP + UV1

0000 128000 320000 2.50 1450
1000 109000 249000 2.28 0500
2000 085000 183000 2.15 0330
4000 078000 142000 1.82 0100

PP + A1/P2 + UV1

0000 169000 428000 2.52 5000
1000 160000 400000 2.50 4000
2000 157000 390000 2.48 3500
4000 145000 335000 2.30 2200

PP + N1/P2 + UV1

0000 160000 405000 2.53 4700
1000 160000 410000 2.56 3900
2000 156000 400000 2.56 3400
4000 145000 330000 2.27 2000

Figure 9. Relative shear zero viscosity for (Neat PP), (PP +
A1/P2), (PP + N1/P2), (PP + UV1), (PP + A1/P2
+ UV1) and (PP + N1/P2 + UV1).



strategy, in the absence of UV absorbers, depends on
predicting the exposure time of the polymeric mate-
rial to UV-C radiation.
As planned in the experimental procedure, the hy-
drogen donation capacity of both additives was
found to be comparable. Additionally, we aimed to
remain within the solubility limits for both additives
in polypropylene, as the concentrations used were
low and close to the recommended lower threshold,
suggesting that the entire amount of each additive
would be available for reaction.
This finding implies that one of the factors influenc-
ing the observed differences in stabilization efficacy
may be related to the kinetics of the reactions in-
volved. This relationship can be attributed to the mo-
bility of the additives. The phenolic additive, Irganox
1010, presents significant steric hindrance, restricting
its movement within the polymer matrix. In contrast,
Irgastab FS 042 is less impeded in its movement, al-
lowing for greater mobility among the polymer
chains. This increased mobility may enhance hydrox-
ylamine’s availability to donate hydrogen in regions
where radicals are formed, thereby contributing to its
effectiveness.
Additionally, there are reports in the literature that
measure the consumption and degradation of Irgafos
168 when used to stabilize polyolefins against irra-
diation [49, 50]. Figure 10 shows a region of the
FTIR spectrum for PP between wavenumbers 1065
and 1125 cm–1. The absorption peak between 1066
and 1090 corresponds to the P–O–C6H5 bond present

in Irgafos 168. Because it is a narrow absorption
peak and does not overlap with other peaks in the PP
spectrum, it can be used to quantify the content of
this antioxidant even at low concentrations [51].
The initial observation is that incorporating the
 Irgafos 168 results in a peak at 1082 cm–1 for all
 formulations containing the phosphite-based stabi-
lizer. Notably, this peak is absent for neat PP, indi-
cating that the additive has been integrated into the
polymer. Furthermore, it is important to highlight a
gradual decay in the intensity of this peak, which oc-
curs with the increase in UV-C radiation dose.
Therefore, after 10 h of irradiation (equivalent to a
dose of 420 J/cm2), this peak is no longer detectable,
signifying that it has been entirely consumed during
the process. The same behavior could be observed
for the peak at 1191 cm–1, another peak that could
also be used to monitor the consumption of Irgafos
168 [52]. As suggested in the literature, hydroxy-
lamine-based additives may also act as decomposers
of hydroperoxides [6]. This implies that, in the initial
stages, this additive could play a crucial role in the
decomposition of hydroperoxides, thereby enhanc-
ing its stabilization efficiency. Furthermore, the con-
sumption of Irgafos 168 over the exposure duration
may be correlated with the observation that samples
without UV absorbers demonstrate superior stabi-
lization capacity compared to neat polypropylene
only up to 1000 J/cm2 of UV-C radiation. Beyond
this dose, it appears that the availability of the addi-
tives diminishes, leading to properties that closely
resemble those of neat PP.
The data obtained from rheological tests and size-
exclusion chromatography (SEC) can also be corre-
lated using a well-established relationship between
the zero-shear viscosity (η0) and the weight-average
molar mass Mw

— of a polymer. For linear homopoly-
mers above a certain critical molar mass, this rela-
tionship follows the equation η0 = k·Mw

— 3.4 where k
is a constant specific to the polymer and the experi-
mental conditions.
In Figure 11, the zero-shear viscosity values are plot-
ted as a function of the weight-average molar mass.
The green line represents a fixed slope of 3.4 based
on the mentioned equation. For this curve, the R2

value was 0.89. Samples less susceptible to degrada-
tion exhibit a good correlation with the theoretical fit,
remaining closer to this ideal behavior. In contrast,
samples subjected to higher doses of radiation with-
out adequate stabilization systems show significant
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Figure 10. Evolution of the FTIR spectrum in the Irgafos
168 consumption observation region.



deviations from this expected performance. This de-
viation can be attributed to two primary factors. The
first involves the sample conditions during rheologi-
cal testing, where the extremely low viscosity may
have allowed the sample to escape the rheo meter
plates, especially at higher shear rates, thus compro-
mising the accuracy of the data. Additionally, the het-
erogeneity of the samples in terms of thickness and
composition may have negatively impacted the con-
sistency of the results, leading to greater dispersion
in the viscosity values. This dispersion may have been
exacerbated by differential degradation across the
sample thickness, affecting its rheological response.
The degradative effects of UV-C radiation on me-
chanical properties were also analyzed. Table 4 con-
tains the values of elongation at break.
For radiation doses up to 1000 J/cm2, all samples ex-
ceeded 300% elongation during the test without frac-
turing. However, for doses of 2000 J/cm2, this prop-
erty begins to be affected depending on the stabiliza-
tion system used. For non-additive PP, for example,

the elongation at break values was close to 65%.
Furthermore, the samples stabilized with conven-
tional systems, those containing only primary and
secondary antioxidants, and the ones with only UV
absorbers also had this property affected after being
exposed to radiation doses of 2000 J/cm2, showing
a reduction in the values of elongation at break.
After exposure to 4000 J/cm2 of UV-C radiation, the
test specimens of these formulations exhibit brittle
behavior. This behavior can be primarily associated
with the decrease in the molar mass of polymer
chains resulting from chain breaks during the degra-
dation process, as evidenced by SEC tests and the
reduction in viscosity at zero shear rates.
Samples containing a combination of primary an-
tioxidants and UV absorbers exhibited ductile be-
havior during the test for all exposure times evalu-
ated, withstanding deformations exceeding 300%
without fracturing. This once again confirms the syn-
ergistic effect between the additives.

4. Conclusions
Degradation levels for polypropylene films subject-
ed to UV-C radiation were evaluated using two dif-
ferent stabilization systems (phenol-based and hy-
droxylamine-based) in the presence and absence of
UV absorbers.
After exposure to UV-C radiation, polypropylene’s
molar mass was reduced, and carbonyl groups of dif-
ferent species formed, resulting in a decrease in ma-
terial viscosity in the molten state, a reduction in
static water contact angle, and a decrease in elonga-
tion at break for the tested specimens. This specific
property was more critically affected after 96 h of
exposure (4000 J/cm2), during which the fracture
mechanism changed from ductile to brittle without
an adequate stabilization system.
It is also concluded that the level of influence of these
properties depends on the proposed stabilization sys-
tem. Using phenolic antioxidants or hydroxylamine-
based stabilizers in conjunction with UV absorbers
resulted in the maintenance of rheological properties
for up to 48 h of exposure (2000 J/cm2). It was able
to promote maintenance of elongation at break even
after 96 h of irradiation (4000 J/cm2), preserving the
ductile behavior of the material, suggesting a syner-
gistic effect in the joint use of these additives, rein-
forcing the importance of choosing an appropriate
stabilization system because of the prediction of the
dose used in various disinfection cycles.
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Figure 11. Relationship between zero-shear viscosity (η0) as
a function of the weight-average molar mass 
(Mw
— ).

Table 4. Elongation at break of samples as function of radi-
ation dose to UV-C radiation. Significantly different
values among groups are indicated by different let-
ters ( A, B, C, D) (α < 0.05).

Sample
Elongation at break

[%]
0 h 24 h 48 h 96 h

Neat PP >300A >300A 65±29B 08.0±5.0D

PP + A1/P2 >300A >300A 80±13B 13.5±4.7D

PP + N1/P2 >300A >300A 87±20B 11.2±3.5D

PP + UV1 >300A >300A 200±42C 15.1±4.1D

PP + A1/P2 + UV1 >300A >300A >300A >300A

PP + N1/P2 + UV1 >300A >300A >300A >300A



Finally, replacing phenolic antioxidants with hydrox-
ylamine-based stabilizers showed significant differ-
ences in the retention of rheological properties and
molar masses. Hydroxylamine-based stabilizers
were more effective in shorter exposure periods,
while phenolic antioxidants were more efficient in
longer exposures. However, concerning the formation
of carbonyl groups, mechanical properties, and con-
tact angle, there was no significant distinction be-
tween the use of these additives.
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