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ARTICLE INFO ABSTRACT

Keywords: The long-term thermal stability of recycled polypropylene (rPP) is a critical factor for its use in durable
Polypropylene applications and is strongly affected by oxidative degradation and stabilizer depletion during the previous
Long-term thermal aging life cycle. Novel stabilizer systems for rPP based on bio-derived components such as alditols or thiosynergists

Mechanical recycling and inorganic acid scavengers were systematically investigated and compared to conventional and commercial

Alditol . . . . s
Aciél (S’;vengers recyclate reference formulations. rPP from automotive battery cases was compounded with different additive
Thiosynergists combinations and subjected to accelerated oven aging at 150 °C and 135 °C. The aging behavior was

Stabilization evaluated using mechanical testing, melt volume rate measurements, determination of the carbonyl index, and
molecular weight characterization through gel permeation chromatography. The results demonstrate that the
choice of alditol, thiosynergist, and acid scavenger significantly influences the resistance to thermo-oxidative
degradation. Several bio-based formulations show delayed embrittlement, reduced oxidation, and improved
retention of molecular weight compared to standard phosphite-containing systems. The study highlights
synergistic effects between stabilizer components, provides insight into structure-performance relationships
relevant for the development of alternative stabilization strategies for rPP, and gives considerations of possible
mechanisms of action for alditols.

1. Introduction molecular changes translate into the respective macroscopic property
losses [14]. Additional complications arise from the depletion of stabi-

Among the major commodity plastics, polyolefins represent the lizers during the first life cycle and the presence of contaminants which
largest share of global production due to their versatility, cost reduce the efficiency of conventional antioxidant systems [15,16]. To
-efficiency, and broad application range [1]. Within this class, counteract these degradation pathways rPP requires the addition of
polypropylene (PP) is particularly important being widely used in pack- suitable antioxidants that can restore stability and preserve material
aging, automotive components, and durable goods [2]. With an annual performance [8]. Therefore, the restabilization of recyclates has be-
production volume exceeding 80 million tons in 2024, PP accounts come an essential strategy to maintain processability and to extend

for a substantial share of global plastics demand [3]. According to
current projections, the annual production could reach more than 130
million tons by 2034 [3]. Hence, its increasing consumption contributes
significantly to the growing challenge of plastic waste [4,5]. This
highlights the urgent need for stricter legislative recycling targets and
in particular the need for effective recycling strategies in the context of
the circular economy [6,7].

However, recycled (r) PP often exhibits inferior performance com-
pared to virgin material [8]. This fact is primarily due to thermo-
oxidative degradation which occurs during processing and service life
leading to chain scission, loss of molecular weight, and embrittle-
ment [9,10]. The degradation mechanism typically involves the for-
mation of hydroperoxides resulting in the generation of carbonyl-
containing species such as ketones, aldehydes, and acids [11-13]. These in recycled streams and concerns have been raised about the health

service life in demanding long-term applications [8,17,18].
State-of-the-art long-term stabilization of polyolefins typically relies
on combinations of sterically hindered phenols with thiosynergists
such as distearyl 3,3’-thiodipropionate (DSTDP) or dilauryl 3,3’-thio-
dipropionate (DLTDP) [19]. These thioesters decompose hydroperox-
ides through a series of oxidation reactions forming inorganic sulfur-
containing acids and sulfoxides which can further scavenge hydroper-
oxides, thereby providing effective long-term thermal stability mainly
in the range of 100 to 150 °C [20]. Conventional stabilization strate-
gies additionally employ combinations of sterically hindered phenols
and organic phosphites which act as primary and secondary antioxi-
dants [21,22]. Despite their effectiveness these systems face limitations
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and environmental impact of both the stabilizers and their degrada-
tion products [8,23-25]. To overcome these limitations, alternative
approaches aim to replace conventional phosphites with bio-based
and multifunctional stabilizers while maintaining or improving overall
stabilization efficiency. Alditols are particularly attractive as sustain-
able candidates in virgin as well as in recycled grades [26-28]. Their
multiple hydroxyl groups provide potential radical scavenging and
metal-deactivation properties offering an alternative to conventional
phosphites [28-31]. Previous studies have shown strong synergistic
effects using a-tocopherol and an alditol mainly attributed to regen-
eration of the a-tocopheroxyl radical [32,33]. In addition to organic
stabilizers, inorganic additives such as calcium oxide or zinc oxide can
further enhance the long-term stability of polyolefins [34,35]. The main
advantage of inorganic stabilizers are their high thermal stability and
their resistance to volatilization as well as to migration [36]. Zinc oxide
has gained attention due to its long-term stabilizing and ultraviolet
(UV) light protective properties [37-39]. Further, hydrotalcite serves
as another highly effective and environmentally friendly acid scav-
enger [40]. The combined use of these additives in rPP under long-term
thermal aging conditions remains largely unexplored and, therefore,
warrants in-depth investigation.

The present study investigates the performance of employing dif-
ferent alditols, thiosynergists, and acid scavenger as part of novel
stabilizer systems in rPP. In these systems, the conventional phosphite
stabilizer is largely replaced by alditols. The effects of the novel stabi-
lizer combinations on surface properties, melt flow behavior, molecular
weight, and mechanical properties are systematically evaluated under
accelerated aging conditions at different aging temperatures. Fourier-
transform infrared spectroscopy was employed to monitor chemical
changes during degradation and the carbonyl index was determined as
a measure of oxidative damage. The insights gained from this study
will help to develop more sustainable and effective stabilizer systems
for rPP.

2. Experimental section
2.1. Materials

PP regrind sourced from automotive battery cases (rPP CBC) was
provided by Ecobat Resources Braubach GmbH. Calcium stearate (CS)
was purchased from Baerlocher GmbH. Pentaerythritol tetrakis(3,5-
di-tert-butyl-4-hydroxyhydrocinnamate) (Irganox 1010, AO-1) was pro-
vided by BASF SE. Tris(2,4-di-tert-butylphenyl)phosphite (ADEKA
STAB 2112, PS-1) and 2,2-bis{[3-(dodecylthio)-1-oxopropoxy]methyl}
propane-1,3-diyl bis[3-(dodecylthio)propionate] (ADK STAB AO-412S,
TS-2) were kindly supplied by ADEKA Europe GmbH. RECYCLOBYK
4371 (BYK 4371) was provided by BYK-Chemie GmbH. Bruggolen
R8895 (B R8895), erythritol (ALD-1), dioctadecyl 3,3’-thiodipropionate
(DSTDP, TS-1), and zinc oxide (AS-1) were provided by L. Briiggemann
GmbH & Co. KG. Mannitol (ALD-2) was delivered by VWR GmbH
(purity > 98.5%). Hydrotalcite (Hycite 713, AS-2, MgzAl,CO5;(OH)¢
- 4 H,0) was delivered by Clariant SE. Unless otherwise stated, all
chemicals were of industrial grade and all concentrations are given in
wit%.

2.2. Accelerated oven aging

Accelerated oven aging to investigate the long-term thermal sta-
bility was conducted at 150 °C and 135 °C using a Binder ED115
(Tuttlingen, Germany) oven. The fan power was set at 100%. Both
granules and type 5 A tensile test specimens were placed in the oven.
The latter were produced on a BABYPLAST 6/10P (Kierspe, Germany)
injection molding machine at 200 °C. To promote uniform aging,
the granules were stirred and homogenized once per day. Perforated
aluminum trays were used to ensure even heat circulation. Samples
were taken at predefined intervals for further characterization.
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2.3. Material characterization

2.3.1. Tensile testing

The mechanical properties of the samples were evaluated by tensile
testing according to DIN EN ISO 527-1. Type 5 A specimens were
used for all tests produced on a BABYPLAST 6/10P (Kierspe, Germany)
injection molding machine at 200 °C. Measurements were performed
on a ZwickRoell Z2.5 (Ulm, Germany) tensile testing machine equipped
with a 2.5 kN load cell and a mechanical extensometer. A test speed
of 1 mm/min was applied for determination of the tensile modulus,
followed by 20 mm/min for measuring tensile strength and elongation
at break. A preload of 0.5 N was applied prior to each measurement.
All tests were conducted under standard climate conditions according
to DIN EN ISO 291 at 23 + 2 °C and 50% relative humidity. Five
specimens were tested per sample. Average values and standard devi-
ations were calculated from all valid measurements using testXpert III
software.

2.3.2. Differential scanning calorimetry

Crystallinities were investigated and determined by differential
scanning calorimetry (DSC). DSC measurements were performed in
duplicate under nitrogen atmosphere (flow rate: 50 mL/min) on a
Mettler Toledo DSC 822e (Columbus, Ohio, USA) device. The standard
deviation was calculated based on the average of two independent
measurements. DSC specimens were prepared by weighing in 5 to 6 mg
sample into a 40 yL standard aluminum crucible. The heating rate was
10 K/min in a temperature range from 25 to 200 °C. The analysis and
the determination of the crystallinity was conducted using the STARe
software from Mettler Toledo (Columbus, Ohio, USA) with evaluation
based on the second heating cycle. The crystallinity (X) was calculated
from the melting enthalpy (4H,,) according to:

X, = A o0% €h)
Hn 100

To assess the crystallinity percentage of PP, a reference value of
207 J/g [41] was used, representing the melting enthalpy for 100%
crystalline PP (4H,,, ;00)-

Melting points were determined under nitrogen atmosphere (flow
rate: 50 mL/min) at a heating rate of 10 K/min over a temperature
range in which melting was expected.

2.3.3. Optical microscopy

Optical microscopy images were obtained using an Olympus BX51
(Tokyo, Japan) microscope equipped with an Olympus U-CMAD3 cam-
era adapter. All images were obtained using a plan-fluorite objective
(Olympus LMPlanFL N, 10x).

2.3.4. Melt volume rate

The melt volume rate (MVR) was determined according to DIN
EN ISO 1133-1 at 230 °C and with 2.16 kg load. Measurements were
conducted in duplicate on a Gottfert MI-2 (Buchen, Germany) melt flow
rate tester. The dimension of the die was L / D = 8 mm/2.095 mm.
For each measurement series, 25 values were recorded and the average
was calculated. The standard deviation was then determined based on
these averages from both series.

2.3.5. Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectra under attenuated total
reflection (ATR) were recorded on a Thermo Nicolet NEXUS 470
(Waltham, Massachusetts, USA) FTIR machine. 32 scans were carried
out and the spectral resolution was 4 cm~!. Prior to each recording,
a background measurement with the same parameters was performed.
A quintuplicate determination was performed. The carbonyl index (CI)
was determined from baseline-corrected and integrated band areas (A)
using the specified area under band (SAUB) procedure. The integration
limits were set from 1850 to 1650 cm™! for the carbonyl band and from
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1500 to 1420 cm~! for the reference band corresponding to methylene
scissoring [42]. The carbonyl index was calculated according to:

ACarbon 1 band
C] = —2rony mand

AMethylene band

(2)

A linear baseline was taken from data between 4000 and 2000 cm™!
and subtracted from the spectra (Fig. S1). The baseline correction, in-
tegration, and ratio calculation were performed using a custom Python
script applying Simpson’s rule for numerical integration. The reported
carbonyl index values represent the mean + standard deviation from
quintuplicate determinations.

2.3.6. Gel permeation chromatography

The molecular masses and distributions were determined by high-
temperature (HT) gel permeation chromatography (GPC). Analyses
were performed using a PolymerChar (Valencia, Spain) GPC-IR,
equipped with a 200 uL sample loop, at 160 °C. The mobile phase was
1,2,4-trichlorobenzene (TCB) containing 0.5 g/L butylhydroxytoluene
(BHT). The mobile phase flow rate was 1 mL/min. As a stationary
phase, three Polymer Standards Service GmbH (PSS, Mainz, Germany)
POLEFIN analytical linear XL columns (300 x 8.0 mm, L. x I.D.) with
a matching precolumn (50 x 8.0 mm, L. x 1.D.) were used. Detection
was realized with a fixed wavelength IR detector (IR5, PolymerChar).
The data were evaluated using a polystyrene calibration (EasiCal PS-
1, Agilent, Waldbronn, Germany) and WinGPC software version 8
from Polymer Standards Service GmbH (Mainz, Germany). For each
measurement, approximately 12 mg polymer was automatically mixed
with 6 mL mobile phase. Simultaneously, the vials were flushed with
nitrogen. Each sample was dissolved under shaking in the autosampler
for 1 h at 160 °C before injection. Measurements were conducted in
duplicate and the results were averaged and the standard deviations
were determined.

2.3.7. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed using a Mettler
Toledo TGA 2 (Columbus, Ohio, USA) device to determine the decom-
position temperature of the additives. Approximately 10 mg of each
sample was weighed into a 70 yL aluminum oxide crucible and heated
from 35 to 600 °C under nitrogen and air (flow rate: 50 mL/min) at a
constant heating rate of 10 K/min.

2.4. Sample preparation

Following the working scheme (Fig. 1), rPP CBC was compounded
on a Thermo Haake Rheomex PTW 16 (Waltham, Massachusetts, USA)
laboratory twin-screw extruder (Screw diameter: 16 mm, L / D screw
ratio: 25). The extrusions were conducted at a throughput of 1.0 kg/h
at 200 rpm. The processing was carried out at a temperature profile of
180 °C, 205 °C, 230 °C, 240 °C, and 250 °C from the feed to the nozzle.
Prior to extrusion, the additives were premixed with finely ground
polymer powder and fed into the extruder via the additive feeder.
The remaining material was introduced through the main feeder. Each
compound was prepared at a batch size of 1 kg. The formulation codes
used are as follows:

STD : Industrial standard formulation.
COM1, COM2 : Commercial state-of-the-art recycling formulations.

F1, F2, F3, F4 : In-house developed formulations.

Polymer Degradation and Stability 249 (2026) 112080
2.5. Additive formulations

The selection of stabilizer components in this study was guided by
their potential to act synergistically under thermo-oxidative conditions
relevant for rPP. AO-1 was included as efficient primary antioxidant
capable of scavenging peroxy radicals and interrupting the autoxida-
tion cycle. Thiosynergists (TS-1, TS-2) were chosen as classical long-
term thermal stabilizers that decompose hydroperoxides and thereby
complement phenolic antioxidants through well-established synergistic
regeneration pathways [43]. Conventional phosphite stabilizers which
are typically used as secondary antioxidants were intentionally replaced
by alditols to explore bio-based alternatives [33]. Inorganic acid scav-
engers (AS-1, AS-2) were incorporated to remove acidic impurities
such as catalyst residues or oxidation-derived carboxylic species which
are known to accelerate degradation in recycled PP. Based on these
considerations, formulation F1 was designed.

Starting from formulation F1 as the reference system with largely
replacing conventional phosphite stabilizer by an alditol, individual
components were systematically varied relative to F1 to identify syn-
ergistic effects between the alditol, thiosynergist, and acid scavenger.
Direct comparisons between F2, F3, and F4 are not performed in
the discussion. In formulations F2, F3, and F4, the alditol (ALD-1,
ALD-2), the type of thiosynergist (TS-1, TS-2), and the metal oxide-
based acid scavenger (AS-1, AS-2) were each substituted relative to F1
while maintaining the overall additive concentration. For comparison,
a standard formulation (STD) containing conventional antioxidant and
phosphite stabilizers as well as two commercially available additive
systems (COM1 and COM2) were included. To all formulations, 0.10%
CS was added as a processing aid. Table 1 gives an overview of all
additive formulations tested in this work.

Concentration variations in F1 and STD as well as samples contain-
ing only the processing aid were also studied in accelerated oven aging
studies. Mechanical properties, MVR, and CI were measured and are
shown in Supporting Information (Fig. S2 to S4).

3. Results and discussion
3.1. Mechanical properties and visual appearance

Basic characterization of rPP CBC was already conducted in previ-
ous work of Ng et al. [33]. A polyethylene (PE) content of approxi-
mately 10% was determined by '3C nuclear magnetic resonance (NMR)
spectroscopy. These foreign polymer fractions may stem from mixing
with PE-based waste or from the intentional use of impact-modified
PP copolymers in the original PP grades. Furthermore, the oxidation
induction time (OIT) and ash content reported in the same study were
6.3 + 0.4 min (210 °C, synthetic air) and 1.50 + 0.43% (800 °C,
synthetic air), respectively [33]. This suggests only minor amounts of
residual phenolic stabilizers and a low filler content in the recycled
material. Accelerated oven aging of tensile test specimens (gauge width
3.6 mm, thickness 2.0 mm) was conducted at 150 and 135 °C to
evaluate the long-term performance of different stabilizer compositions.
Due to the specimen thickness but also the granule dimensions, later
used in this study (approximately 3.2 x 1.6 x 2.0 mm?), diffusion-
limited oxidation effects may occur during aging [44]. Under such
conditions, the oxygen supply to the polymer bulk becomes limited and
causes heterogeneous oxidation. Here, the outer regions of the speci-
men oxidize faster than the core [45]. As a consequence, gradients in
oxidation state and material properties can develop across the specimen
thickness.

The time until embrittlement is an industrially relevant parameter
and was chosen as a first indicator for material ductility. Here, it
is defined as the point at which the elongation at break falls below
an absolute value of 50%. It was determined by linear interpolation
between the two data points between which the elongation at break
crossed the 50% threshold (see Table 2).
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Stabilizgr 135 °C
formulation
and
150 °C

Characterization
of extruded granules

Accelerated
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rPP CBC y

- Visual and mechanical properties
— Melt flow behavior
— Carbonyl index
— Molecular weight distribution
— Sampling after specified times
— Aging of granules and tensile test specimens

Fig. 1. Representation of the experimental working process of extrusion, oven aging, and analytics.

Table 1
Overview of tested additive formulations, concentrations, and formulation codes used in the multiple extrusion experiments. All
formulations contain a total additive concentration of 0.40% and in addition 0.10% CS.

Formulation AO-1 PS-1 ALD-1/ALD-2 TS-1/TS-2 AS-1/AS-2 BYK 4371/B R8895
code

STD 0.200 0.200 -/~ —/- -/- /=

COM1 - - -/- -/- -/- 0.400/-

COM2 - - -/= -/= -/= —-/0.400

F1 0.100 0.025 0.075/- 0.100/- 0.100/- /=

F2 0.100 0.025 -/0.075 0.100/- 0.100/- -/-

F3 0.100 0.025 0.075/- -/0.100 0.100/- —/-

F4 0.100 0.025 0.075/- 0.100/- -/0.100 /-

Table 2
Time until embrittlement (elongation at break < 50%) of rPP CBC at 150 °C
and 135 °C are shown using different additive formulations.

Formulation code Time until embrittlement [h]

150 °C 135 °C
Without additional stabilizer 305 1346
STD 713 2054
COM1 438 1622
COM2 724 2227
F1 711 2205
F2 734 2523
F3 734 2447
F4 544 1828

The non-restabilized recyclate embrittled after approximately 300 h
at 150 °C and 1350 h at 135 °C indicating limited long-term thermal
stability of the rPP CBC despite of some active stabilizer residues.
At 150 °C, only moderate differences between the formulations were
observed while aging at 135 °C provided a higher resolution of the
stabilization efficiency. Among the tested systems F2 containing ALD-2
as an alternative secondary antioxidant exhibited the best performance
achieving a time until embrittlement of > 2500 h at 135 °C. Formula-
tion F2 outperforms the commercial reference systems by almost 15%
and > 50%, respectively. Also replacing the TS-1 by TS-2 enhances the
stabilization performance slightly. However, combinations with AS-2
show an inferior performance compared to AS-1 as acid scavenger. Fur-
ther important characteristics such as elongation at break and ultimate
tensile strength are shown in Fig. 2.

A significant decrease in the elongation at break by more than
50% from the initial state to the first sample withdrawal was observed
at both aging temperatures. This can be correlated to an increase in
crystallinity or an annealing effect as reported in Kartalis et al. [46].
This effect is more severe in the beginning of the aging process. DSC
studies show a crystallinity increase from 33.4 + 1.9% (unaged) to

38.1 + 0.3% after 200 h at 150 °C and to 41.2 + 1.2% after 400 h at
135 °C. At 150 °C, the unstabilized rPP rapidly loses ductility with the
elongation at break falling below 50% after around 300 h. All stabilized
formulations delay this loss. Differences among them are modest at
this temperature. However, most of the formulations extend the ductile
regime to above 700 h, whereas F4 fails earlier after around 500 h.
The ultimate tensile strength follows a similar trend and stays nearly
constant during the early stages of aging and declining only after the
material has become brittle. At 135 °C, degradation proceeds more
slowly and separates the formulations more clearly. The unstabilized
material embrittles after 1200 h, while all stabilized systems exceed
1800 h. F2 performs best reaching > 2500 h before the elongation at
break drops below 50% outperforming the commercial references. The
ultimate tensile strength at 135 °C exhibits a comparable trend remain-
ing stable for extended periods and decreasing only after embrittlement
has occurred. At advanced aging times the specimens reach a degree of
brittleness that no tensile deformation was possible anymore resulting
in elongation at break and ultimate tensile strength values of zero.
The observed differences in the mechanical behavior are also reflected
in the visual appearance of the aged specimens. Fig. 3 illustrates the
optical changes of the tensile test specimens after oven aging at 135 °C
and tensile testing.

The optical appearance of rPP CBC containing F2, which performed
best in the tensile tests, was compared with the standard formulations.
After 1600 h, all four materials were still intact indicating that mechan-
ical integrity was still maintained. At 2200 h, the sample formulated
with STD had already lost mechanical properties completely that it
fractured and with formulation COM1 the sample has failed even
earlier. At 2400 h, rPP CBC with COM2 showed embrittlement while
the material containing F2 remained intact. These visual assessments
confirm that F2 provides improved thermo-oxidative aging resistance
compared to the standard formulations. To gain further insights into
the surface properties, surface microscopic investigations of the aged
specimens were performed (Fig. 4). These analyses allow a correlation
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Fig. 2. Elongation at break and ultimate tensile strength of rPP CBC at two different aging temperatures. The elongation at break at (a) 150 °C and (c) 135 °C
as well as ultimate tensile strength at (b) 150 °C and (d) 135 °C are shown. Error bars indicate the standard deviation of five measurements. In (a) and (b)
between 700 and 800 h, the red curve lies below the light-blue curve, and the pink curve lies below the brown curve, which is why these lines are not visible

in this region.

STD COM1 COM2 F2
1600 h

STD COM2 F2

COM2 F2

2200 h 2400 h

Fig. 3. Appearance of rPP CBC tensile test specimens after oven aging at 135 °C and tensile testing with different stabilizer formulations.

between the macroscopic embrittlement behavior and microstructural
changes such as surface crack formation.

The microscopic surface analyses reveal that the sample formulated
with STD already exhibits pronounced surface cracking after 2200 h.
Additivation with COM2 shows clear and extensive crack formation at
2400 h indicating severe surface degradation. In contrast, the speci-
mens stabilized with F2 display no visible cracks even after 2400 h
confirming that the material surface remains largely unaffected despite
the prolonged thermal exposure. These findings align well with the
macroscopic observations and highlight the superior stabilization effi-
ciency of F2 in suppressing oxidative degradation and delaying crack
initiation.

3.2. Aging of granules
The focus was first placed on assessing macroscopic aging effects

when investigating the tensile test specimens. In this step, the aging
behavior is examined on granules. The analysis of the granules enables

the assessment of molecular degradation processes occurring during
extrusion without the influence of specimen geometry or molding
conditions. For this purpose, measurements of the MVR, the carbonyl
index obtained from FTIR spectroscopy, and GPC were conducted to
quantify chain scission, oxidation behavior, and changes in molar mass
distribution. The evolution of the MVR during accelerated oven aging
at 150 °C and 135 °C is shown in Fig. 5.

The increase in MVR with aging time indicates progressive chain
scission leading to a reduction in average molecular weight and thus
higher flowability. Compared to tensile test specimens, complete failure
occurs more rapidly for granules as their smaller size and higher
surface-to-volume ratio promote faster oxidative degradation due to
increased oxygen accessibility and heat transfer [47]. The unstabilized
reference already shows a steep rise in MVR at both temperatures
after a comparatively short aging time showing suitable restabilization
is necessary when rPP reintroduced into a second life cycle intended
for long-term use. At 150 °C, degradation proceeds rapidly and the
MVR of the reference material increases sharply after approximately
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2400 h

Fig. 4. Surface morphology of oven-aged (135 °C) rPP CBC tensile specimens showing the effect of stabilization on crack formation and surface degradation.
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Fig. 5. MVR of rPP CBC at two different aging temperatures with different stabilizer formulations. The MVR of rPP CBC at (a) 150 °C and (b) 135 °C is shown.

Error bars indicate the standard deviation of two measurements.

200 h signifying the onset of significant molecular breakdown. As
expected, samples containing stabilizers show delayed MVR increase
confirming their protective effect. Similar performances were observed
for STD, COM2, F2, and F3, all of which maintained MVR values below
13 cm3/10 min after 600 h of aging indicating effective stabilization
against thermal-oxidative aging. At 135 °C, the overall degradation

rate is lower as expected due to the reduced temperature. Nevertheless,
almost the same trends are observed. It is apparent that STD appears to
show slightly inferior stabilization effects at 135 °C aging temperature
than at 150 °C compared to other stabilizer systems. However, this
observation is likely related to the experimental resolution and scatter
of the aging data rather than a mechanistic temperature effect. At both
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Fig. 7. Evolution of M, of rPP CBC at 135 °C during accelerated oven
aging with different stabilizer formulations. Error bars indicate the standard
deviation of two injections.

aging temperatures melt flow properties are best retained by F2. In
summary, MVR analysis demonstrates that the addition of bio-based
stabilizer combinations can significantly enhance the thermal-oxidative
stability of rPP CBC granules during aging. The correlation between
MVR increase and molecular degradation will be further discussed in
combination with the CI (Fig. 6) monitored via FTIR.

The development of the CI provides complementary information
into the progression of oxidative degradation during oven aging of
rPP CBC. The sudden rise in carbonyl index is caused by the autocat-
alytic nature of thermo-oxidative PP degradation where accumulated
hydroperoxides decompose rapidly once antioxidants are depleted trig-
gering an exponential formation of carbonyl groups [48]. At 150 °C,
the non-restabilized rPP CBC begins to show a pronounced rise already
after approximately 300 h indicating the onset of substantial oxidative
chain scission reactions. In contrast, all stabilized samples effectively
suppress carbonyl formation over an extended period demonstrating
their ability to delay oxidative pathways. Formulations COM1 and F4
fail relatively early whereas the other formulations maintain values
close to baseline up to about 650 to 750 h which aligns well with the
delayed increase in MVR. At 135 °C, the graphs show a similar pathway
but shifted to significantly longer induction times. Complementing the
MVR and CI data, GPC provides further insights into the molecular
structure, particularly the evolution of molecular weight distribution
during aging. The number-average molecular weight (M), the weight-
average molecular weight (M,,) and the dispersity (P) (Fig. 7 and Tab.
S1) were calculated from the molecular weight distribution obtained
via GPC.

Fayolle et al. reported for homogeneous PP grades that P should
tend towards 2 [49] if chain scission is the predominant process.
Although this is not the case (Tab. S1), this can be rationalized by

the heterogeneous nature of the material after aging due to diffusion
limited oxidation effects on the one hand. Furthermore, as an rPP grade,
the material consists of a mixture of PP from various sources and also
minor amounts of PE. Cross-linking in PP during long-term thermal
aging is negligible [50], but minor cross-linking in the PE fraction
cannot be excluded [51-53]. Under these conditions, the theoretical
convergence by Fayolle et al. for homogeneous polymer systems cannot
be expected. Hence, the pronounced and continuous decrease in M,, of
the unstabilized reference with aging time indicates thermo-oxidative
degradation by chain scission.

This is supported by molecular weight distributions shown in Figure
S5. With increasing aging time, the distributions shift towards lower
molecular weights and get narrower [49]. At the certain stage a sharp
shift occurs. This is characteristic for thermo-oxidative degradation
of PP after oxygen uptake, depletion of stabilizers, and the onset of
extensive chain scission by autoxidation [54]. The bimodal character
of molecular weight distributions after extensive chain scission can be
explained by diffusion limited oxidation effects.

The molecular degradation correlates well with the rapid increase in
MVR and the steep rise in carbonyl index observed for the reference ma-
terial. Although the material shows a significantly pronounced rise of
the MVR (Fig. 5) with aging time the molecular weights stay relatively
close to each other. This is expected, because the melt viscosity and
therefore the MVR is highly sensitive to even small changes in molecu-
lar weight. In this regime, minor reductions in chain length can already
cause disproportionately large increases in flowability consistent with
the known scaling behavior of polymer melts (MVR ~ M_34) [55].

All stabilized formulations show a significantly delayed decrease in
M,, which demonstrate their effectiveness in suppressing chain scission
reactions. Among the investigated systems, formulations COM2, F2,
and F3 retain high molecular weight levels for extended aging time
consistent with their superior performance in MVR and CI measure-
ments. These findings show the importance of stabilizer selection not
only for delaying macroscopic embrittlement but also for preserving the
polymer’s molecular structure during long-term thermal exposure.

3.3. Mechanistic considerations of alditol stabilization

Alditols used in this study are known to act as stabilizers in poly-
olefins by multiple mechanisms [8,33]. Beyond their general rad-
ical scavenging and regenerative capability, they can also interact
with degradation products such as acidic species or acidic catalyst
residues [56] (Ziegler—Natta) in the context of short [57] and long-
term [58] thermal stabilization or mask metal-ion impurities [59—
61]. Fig. 8 illustrates possible mechanisms for the long-term thermal
stabilization effects of alditols that have been observed in this study.

The efficacy of acid scavenging mechanisms has been reported in
polyvinyl chloride (PVC) systems and provides a mechanistic basis
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et al. [58] leading to cyclodehydrated products and (b) possible chelation of metal ions that act as pro-oxidants.

Table 3
Thermal properties of investigated additives: Temperature at 10% mass loss
determined by TGA under nitrogen and synthetic air, and melting temperature
from DSC analysis. Data for ALD-1 and ALD-2 were taken from [33].
Additive

10% mass loss temperature [°C] Melting temperature [°C]

(Nitrogen/Synthetic air) (Nitrogen)
ALD-1 239/239 119
ALD-2 290/275 166
TS-1 346/292 70
TS-2 380/309 53
AS-1 >600/>600 >300
AS-2 222/221 >300

for understanding the observed stabilization in the present formu-
lations [57,58]. It is plausible that this concept can be transferred
to polyolefin recyclates, where ALD-1 and ALD-2 may interact with
acidic degradation products [62] or acidic impurities [63] and undergo
cyclodehydration reactions. In addition, chelation of metal ions by
alditols is well known in (aqueous) solvents [29,60] and has also
been reported in PE [59]. Here, it can contribute to color inhibition
by deactivating catalytically active metal species such as titanium.
By suppressing acid-catalyzed reactions and deactivating pro-oxidant
metal species, these mechanisms may also reduce the overall oxidation
rate and thereby slow the consumption of thiosynergists responsi-
ble for hydroperoxide decomposition [56]. A similar, although less
pronounced, protective effect may also extend to other antioxidants
present in the formulation such as sterically hindered phenolic antiox-
idants and phosphites [56]. Collectively, these mechanisms provide a
reasonable explanation for the improved thermal stability and syner-
gistic performance observed in the formulations investigated in this
study.

3.4. Performance and synergies of additive combinations

The performance differences observed among the investigated for-
mulations F1 to F4 can be rationalized by considering synergistic inter-
actions between alditols, thiosynergists, and inorganic acid scavengers
and by correlating the analytical results with the thermal properties
derived from TGA and DSC analysis (Fig. S6 and S7). Table 3 shows
the temperature after 10% mass loss and the melting temperatures of
the additives that were varied in this study.

First, possible physical loss of stabilizers during aging should be
discussed. During thermal aging, stabilizer depletion may occur ei-
ther by chemical consumption or by physical loss (e.g., volatilization
of low-molecular-weight species) [64]. The stabilizers used in this
study exhibit low volatility and high thermal stability. Several of them
are high-molecular-weight additives (e.g., sterically hindered phenols,
phosphites, and thiosynergists) while the investigated alditols pos-
sess very low vapor pressures [65] instead of evaporating at elevated
temperatures (Table 3). Therefore, significant loss by volatilization at
literature established oven-aging temperatures of 135 and 150 °C is
unlikely [64]. Stabilizer depletion is instead expected to occur predom-
inantly through chemical reactions with oxidation products and the
possible physical loss of stabilizer degradation products.

Although anisothermal TGA does not directly represent the isother-
mal aging conditions applied in this study, it provides useful informa-
tion on the relative thermal stability of the stabilizers. As the onset
of mass loss occurs at temperatures far above the aging temperatures,
significant stabilizer loss by evaporation is considered unlikely and
stabilizer depletion is expected to be dominated by chemical con-
sumption during oxidation. The improved stabilization efficiency of
F2 compared to F1 highlights the importance of the alditol selection.
ALD-2 exhibits a higher thermal stability than ALD-1 as evidenced
by its much higher 10% mass loss temperature in TGA and also a
higher molecular weight. This enhanced intrinsic stability allows ALD-
2 to remain active over longer aging times and therefore prolongs the
induction period against oxidation. The choice of thiosynergist further
affects the stabilization performance. Substitution of TS-1 (formulation
F1) by TS-2 (formulation F3) results in a modest improvement in long-
term performance. This can be attributed to the higher thermal stability
and the high molecular weight of TS-2 as indicated by its elevated
decomposition temperature in both nitrogen and air atmospheres [66].
A thiosynergist with higher thermal robustness is less prone to thermo-
mechanical stress during processing and consumption in early aging
stages and hence enables sustained hydroperoxide decomposition. The
analytical data support this interpretation as F3 shows delayed in-
crease in MVR and CI as well as delayed decreases in mechanical
properties and molecular weight compared to systems with TS-1. In
contrast, the replacement of AS-1 with AS-2 in formulation F4 leads
to inferior performance despite the generally high thermal stability of
hydrotalcite observed in TGA. Notably, AS-2 begins to release water
and CO, at 220 °C [67,68] which is below the applied processing
temperature of 250 °C and may therefore negatively affect its stabiliza-
tion performance. This interpretation is supported by the TGA graph
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shown in Figure S6. Additionally, acid scavengers such as AS-2 have
been demonstrated to adsorb small organic substances such as alditols
through surface interactions or interlayer incorporation which could
also negatively affect long-term stabilization performance [69]. Melting
temperatures show that alditols and thiosynergists all melt below the
processing temperature promoting homogeneous mixing within the
polymer matrix. In contrast, acid scavengers due to their high melting
points remain dispersed in the polymer.

4. Conclusions

This work evaluates the effect of a novel and bio-based stabilizer
system consisting of different alditols, thiosynergists, and acid scav-
engers as well as sterically hindered phenol on the long-term stability of
a PP recyclate at different temperatures. A systematic variation of the
stabilizer component was conducted to elucidate structure-performance
relationships and to identify the most effective stabilizer systems. Key
findings show that the combination of hexanehexol derivatives, high-
molecular-weight thiosynergists, and zinc oxide represents a very ef-
fective formulation for stabilizing PP recyclate. Further results show
that this formulation significantly outperforms commercial reference
systems under long-term thermal aging, particularly at 135 °C by
delaying embrittlement, oxidative degradation, and retaining molecular
weight. This demonstrates that phosphite-reduced, bio-based stabilizer
systems can provide robust long-term thermo-oxidative stability in
recycled PP suitable for second-life applications supported by mech-
anistic considerations. Limitations include that the present work fo-
cuses on a single PP recyclate from automotive battery cases while
recyclates exhibit different contamination levels, additive histories,
or processing damage. Future studies could expand these findings
by exploring UV- or light-induced aging and long-term additive mi-
gration in processed parts. As a final outlook, the results underline
the potential of bio-based and phosphite-reduced (or even phosphite-
free) stabilizer concepts to contribute to higher-quality PP recyclate
streams. The structure-performance relationships provide a basis for
tailoring stabilizer systems to specific recyclate qualities and appli-
cation requirements. Overall, this work supports the development of
more sustainable and durable PP recyclate materials within a circular
economy framework.
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