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A B S T R A C T

We present a systematic approach to predict the molecular degradation of high-density polyethylene (HDPE) 
during mechanical recycling based on the polymerization catalyst. HDPE represents about 12.5 wt % of the 
polymer world production and is industrially mainly produced by Phillips (P-HDPE) and Ziegler-Natta catalyst 
(ZN-HDPE). Two blow-moulding P- and ZN–HDPE with identical melt flow indices (MFI) were subjected to 
mechanical recycling at an extrusion temperature of 170 ◦C and 210 ◦C, a screw speed of 180 rpm, and recycling 
times from 10 to 240 min. Chemical and rheological characterization revealed, that despite similar initial melt 
properties, P-HDPE and ZN- HDPE exhibited fully contrary degradation mechanisms: for recycled P- HDPE at 170 
◦C and 210 ◦C, the complex viscosity (|η*|) and the molecular weight drastically increased after 10 min of 
recycling time due to star-like branching, followed by chain scission at 170 ◦C, but crosslinking at 210 ◦C, 
resulting in unprocessable, rubber-like material. In contrast, recycled ZN–HDPE exhibited a continuous drop in 
molecular weight and in |η*| across all conditions. This work provides a polymerization catalyst-specific 
framework to predict and engineer thermo-mechanical molecular degradation pathways in HDPE recyclates, 
paving the way to tailored recycling strategies to obtain value-added materials.

1. Introduction

The global consumption of plastics continues to increase at an un
precedented rate, with packaging applications alone accounting for a 
substantial proportion of this demand [1]. High density polyethylene 
(HDPE) is one of the most widely used polymers in packaging, owing to 
its high strength, chemical resistance, and cost-effectiveness [2]. In 
2024, the global production of plastics reached 418 million tonnes (Mt), 
[3]. of which HDPE constituted approximately 52.6 Mt, accounting for 
~12.5 % of total output. Notably, packaging represented the predomi
nant end-use sector for HDPE, with >60 % of global HDPE production 
directed toward packaging applications [4]. However, the short lifespan 
of packaging application, often less than one year, [1]. contributes 
significantly to plastic waste, creating considerable environmental 
concerns.

Mechanical recycling has emerged as a promising solution for 
reprocessing plastic waste, due to its straight forward reuse of the 

material. However, due to the applied high temperatures and mechan
ical stresses acting on the polymer, mechanical recycling can lead to 
molecular degradation phenomena such as chain scission, branching, or 
crosslinking. Generally, the degradation behaviour of a polymer and its 
structural changes during mechanical recycling depends mainly on the 
repeating unit (monomer) and its functional groups, Mw, the polymer 
architecture, and catalyst used during polymerization [5–7]. Molecular 
degradation significantly alters the viscoelastic melt flow behaviour, 
quantified in first approximation by melt flow index (MFI) but also with 
high sensitivity by shear and extensional rheological measurements [8]. 
An overview about previous literature on mechanical recycling of HDPE 
is given in the Table 1. It is striking that some authors observe inde
pendent of the recycling conditions Mw increase due to branching or 
crosslinking after recycling and others observe a decrease in Mw due to 
chain scission. This is marked in Table 1 by the green and red arrows up 
and down.

The molecular topological changes are intricately reflected in the 
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material’s viscoelastic relaxation behaviour, which rheology quantifies 
with high sensitivity [18–20]. Properties extracted from small amplitude 
oscillatory shear (SAOS) data, [19]. such as zero-shear viscosity (η0) or 
crossover frequency (ωco) of storage and loss modulus (G’ and G’’) or 
strain hardening in extensional flow are direct indicators of changes in 
Mw and molecular topology, such as branching, of a polymer [21]. 
Especially strain hardening in extensional flow plays a pivotal role in 
evaluating melt strength and is a key requirement for advanced and high 
value polymer processing operations such as film blowing, [22]. fibre 
spinning, [23]. foam extrusion, [24]. and thermoforming, [25]. where 
the polymer is subjected to uniaxial or biaxial stretching. For PE, strain 
hardening is caused on the molecular level typically by long-chain 
branching [26]. (LCB), thus its presence or absence leaves a clear to
pological fingerprint. Therefore, rheological characterization especially 
when combining the molecular information obtained from shear and 
extensional flows is indispensable for understanding and predicting 
degradation pathways and to develop material upcycling strategies.

The shear rheology of linear polymer chains is governed by reptation 
theory and for strain rates below the inverse Rouse relaxation time, they 
typically do not show strain hardening in uniaxial extensional flow [27,
28]. Star-like branching (see Fig. 1) leads to higher η0 compared with a 
linear polymer, as for symmetric stars η0 scales exponentially with the 
arm molecular weight. However, in extensional flow stars also do not 
show strain hardening, due to the absence of a second branching point 
within the molecule to induce chain stretch [29,30]. As shown in liter
ature for branched pom-pom model systems with arms exceeding three 
entanglements in molecular weight and being longer than the backbone 
can behave like stars [29,31,32]. In this case the relaxation time of the 
arms governs the relaxation behaviour of the full molecule [29]. In 
contrast, long-chain branched topologies (see Fig. 2), i.e., where the 
molecular weight of the backbone is significantly higher than the mo
lecular weight of the arms, show strong shear thinning and strain 
hardening due to chain stretch between the branching points in exten
sional flow. Consequently, rheology is a highly powerful tool to probe 
molecular dynamics and correlate them with molecular topology [28,
33].

HDPE is industrially mainly produced using a Phillips [34], 
Ziegler-Natta [35–37]. and metallocene [38]. type catalyst system. 
About 80 wt % of HDPE is manufacturing from chromium (Cr) based 
Phillips [34]. and titanium (Ti) based Ziegler-Natta catalysts [28]. 
P-HDPE typically contains terminal vinyl groups, whereas ZN–HDPE 

has only few unsaturated carbon-carbon [29,32,33].
The objective of this work is to systematically examine the me

chanical recycling behaviour and the molecular degradation pathways 
of two HDPE with similar viscoelastic melt properties but synthesized 
with different polymerization catalyst, namely a P-HDPE and a 
ZN–HDPE (Fig. 2). Both are blow moulding grade samples with similar 
MFI and relatively similar Mw. A twin-screw extruder is used at two 
processing temperatures of 170 ◦C and 210 ◦C, different residence times 
from 10 to 240 min, and a screw speed of 180 rpm to simulate me
chanical recycling. The MFI, differential scanning calorimetry (DSC), 
cross-fractionation chromatography (CFC), rheological SAOS and 
extensional rheological measurements were used to characterize mo
lecular degradation. The findings offer a molecular-level understanding 
of how polymerization catalyst type influences the molecular degrada
tion mechanisms and rheological properties, with direct implications for 
recycling conditions that pave the way to functional recovery and 
upcycling of HDPE waste streams.

2. Materials and methods

2.1. Raw materials

Two blow-moulding grade HDPE were used in this study, virgin 
vZN–HDPE (Borstar BB4588) supplied by Borealis, and virgin vP-HDPE 
(Lupolen 5012DX) sourced from LyondellBasell. Both materials exhibi
ted comparable MFI of 0.23 and 0.25 g/10 min, respectively, measured 
at 190 ◦C under 2.16 kg load, following ASTM D 1238.

Both HDPE have relatively similar Mw, but differ largely in dispersity, 
have quasi-identical melting temperatures of 133 ◦C, but different de
grees of crystallinity, which are given in Table 2. Chemical character
ization of the two virgin HDPEs was performed using Fourier-transform 
infrared (FTIR) spectroscopy and high-temperature size exclusion 
chromatography (HT-SEC) from CFC, as presented in Fig. 3. While both 
materials exhibit overall similar chemical structures, the FTIR spectra 
reveal a subtle but distinct absorption band near 908 cm⁻¹ only in the vP- 
HDPE sample.

This band is characteristic of terminal vinyl groups (–CH––CH₂), 
suggesting the presence of unsaturated end groups in the vP-HDPE. Such 
chemical features have been previously reported in the literature for 
HDPE produced via Phillips-type catalysis [39–41]. HT-SEC analysis 
(Fig. 3) indicates that this vZN-HDPE possess a much broader, trimodal 

Table 1 
Previous research on HDPE mechanical recycling and its rheological observation. The contradicting findings regarding Mw increase or decrease are marked with green 
and red arrows, pointing up or down.

Author Type of extruder Extrusion screw 
speed and 
Temperature

Recycling time/ 
Number of 
recycling cycle

HDPE supplier details Observation Change 
in Mw

Zhang et al. [9,
10]

Co-rotating twin 
screw extruder

60 rpm, 170 ◦C Up to 16 cycles, 1 
cycle = 90 s

Mw = 94.5 kg/mol, MFI 
= 6.7 g/10 min, Tm =

132 ◦C

No changes cycle 0 to 4. 4–8 cycles: increase 
in η0 due to star-like branching. Mw in SEC 
reduced by 11 % up to 16th cycle.

↑

Oblak et al. [11] Co-rotating twin 
screw extruder

150 rpm, 240 ◦C 0 to 100 cycles LANUFENE HDI- 
6507UV, MFI = 7.5 g/10 
min

MFI decreases from 7.5 to 0.096 g/10 min 
for cycle 0 to 100. Complex viscosity 
increases with increased number of cycles.

↑

Zahavich et al. 
[12]

Single screw 
extruder

80 rpm, 215 ◦C Up to 4 cycles, 1 
cycle = 2 min

homo- and copolymer 
MFI = 0.32 and 0.79 g/ 
10 min

MFI decreases. Viscosity increases from 
cycle 0 to 4, while crossover frequency 
decreases, indicating crosslinking.

↑

Schülein et al. 
[13]

Closed cavity 
rheometer

ω/2π = 1, Hz γo = 27 
% to 460 %, 220 ◦C

Up to 300 min MFI = 0.25 g/10 min, Mw 

= 113.2 kg/mol
Molecular weight increases due to branching 
and maximum SHF is 2.7.

↑

Teteris et al. [14] Single screw 
extruder

20 rpm, 230 ◦C up to 5 cycles MFI = 1.4 g/10 min MFI and crystallinity increase from cycle 
0 to 5

↓

Benoit et al. [15] Co-rotating twin 
screw extruder

125 rpm, 200 ◦C up to 50 cycles MFI = 0.2 g/10 min, Mw 

=157 g/mol, 44 % 
crystallinity

MFI increases from 0.2 g/10 min to 0.5 g/10 
min from recycling cycles 0 to 50 due to 
chain scission.

↓

Schweighuber 
et al. [16]

Twin screw 
extruder

50 rpm, 100 rpm, 
220 ◦C

up to 120 min powder from local 
manufacturer

Mw decreases, quantified via HT-SEC-IR. ↓

Andersson et al. 
[17]

Single screw 
extruder with 
online rheometer

100 rpm, 260 ◦C to 
325 ◦C

​ MFI = 9 g/10 min, Đ =
14

Viscosity decreases at both temperatures, 
chain scission.

↓
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molecular weight distribution (MWD) compared to a monomodal MWD 
for the vP-HDPE.

2.2. Mechanical recycling method

Mechanical recycling experiments were performed using a Haake 
Minilab II co-rotating twin screw extruder via the circulation mode, 
where the material continuously flows within the barrel. HDPE samples 
were processed at two fixed temperatures (Tr), 170 ◦C and 210 ◦C, a 
screw speed of 180 rpm and recycling time (tr) in the extruder of 10, 20, 
30, 60, 120, and 240 min. Each processing condition was applied to both 
HDPE types to evaluate the impact of reprocessing on thermal and 
rheological properties. After the extrusion, recycled materials were 
subjected to chemical characterization such as FTIR, DSC and CFC and 
rheological measurements like SAOS and extensional rheology. The 
specimen for rheology were produced by compression moulding in a 
melt press at 180 ◦C under vacuum, with disks of 25 mm diameter and 1 
mm thickness for the SAOS measurement and rectangular specimen with 
dimension of 15 mm length, 5 mm width and 0.5 mm thickness for 

extensional rheology.

2.3. Melt flow index (MFI)

MFI was conducted with device from Custom scientific instruments 
(CSI) according to the ASTM D1238 at 190 ◦C and 2.16 kg load. MFI 
values were calculated by weight (in unit g) of samples extrudate in 10 
min.

2.4. Differential scanning calorimetry (DSC)

Thermal analysis was performed using a DSC by Mettler Toledo 1 
from the temperature of -80 ◦C to 180 ◦C with heating and cooling rate of 
10 K/min. The percentage of crystallinity and the melting temperature 
was calculated in the second cooling and heating cycle. The percentage 
of crystallinity (Xc), is calculated as shown in Eq. (1) with ΔHm100 = 293 
J/g [42]. 

Xc =
ΔHm

ΔHm100
⋅ 100 % (1) 

2.5. Rheology

SAOS rheological measurements were carried out on an Anton Paar 
rotational rheometer (MCR 702e Space, Austria) with parallel plate (25 
mm diameter and 1 mm thickness) under N2 inert gas atmosphere (N2 
5.0, 99.999 % N2 purity). Initially, a strain sweep test was done at 160 ◦C 
with a constant frequency of 100 rad/s to obtain the viscoelastic linear 
regime, where G’ and G’’ are constant as a function of strain amplitude. 
Frequency sweep tests are performed at 160 ◦C and a frequency range of 
150 to 0.001 rad/s and a constant strain amplitude in the linear viscosity 
regime. Extensional rheological measurements were performed at 160 

Fig. 1. Path-dependent rheological evolution of HDPE during thermal–mechanical recycling: Toward rational upcycling design.

Fig. 2. Different architypes topologies of polymers: linear polymer, star-like and comb-like long-chain branching (LCB) as well as a chemically crosslinked poly
mer network.

Table 2 
Material and molecular information such as grade name, Mw, Đ, MFI, Tm and 
degree of crystallinity, Xc, of the virgin raw materials.

Raw 
material

Grade Name Mw 

[kg/ 
mol]

Đ MFI [2.16 
kg and 190 
◦C]

Tm [ 
◦C]

Xc [ 
%]

vP-HDPE Lupolen 
5012DX, 
Lyondell Basell

232 20 0.25 g/10 
min

133 
◦C

66.6

vZN- 
HDPE

Borstar BB2588, 
Borealis

273 42 0.23 g/10 
min

133 
◦C

72.4
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◦C at different Hencky strain rates (3 s-1, 1 s-1, 0.3 s-1, 0.1 s-1 and 0.03 s-1) 
by using the universal extensional fixture (UXF) from Anton Paar in the 
multidrive mode. The strain hardening factor (SHF), defined as the ratio 
of the transient extensional viscosity to the steady state viscosity of the 
Doi-Edwards model, [43,44]. calculated via the IRIS software [45]. was 
used to quantify the strain hardening behaviour of virgin and recycled 
HDPEs under uniaxial extension at different strain rates.

2.6. Cross-Fractionation chromatography (CFC)

CFC analysis was done by temperature rising elution fractionation 

(TREF) and SEC from Polymer Char. Initially 8 mg sample was dissolved 
in 1,2,4-trichlorobenzene at 150 ◦C for 60 min. This solution is injected 
to the TREF column filled with ceramic-micro balls of a void volume of 
2000 to 2600 µL first, followed by a SEC column (PLgel Olexis, 7.5 × 300 
mm, 13 µm pore size). The temperature of the TREF column starts to 
drop with a rate of 0.5 ◦C min− 1 from 125 ◦C to 35 ◦C to let the polymer 
crystallize out of the solution almost under equilibrium conditions, to 
avoid co-crystallization. Followed by the elution enters the SEC for 
molar weight distribution analysis.

Fig. 3. (A): FTIR spectra of vP-HDPE and vZN–HDPE, highlighting characteristic absorbance bands. The presence of terminal vinyl unsaturation in vP-HDPE is 
indicated by distinct peaks around 908 cm⁻¹ which is absent or significantly reduced in vZN–HDPE compared to vP-HDPE. (B) SEC traces of vP-HDPE and 
vZN–HDPE, illustrating differences in molecular weight distribution.

Fig. 4. (A) shows crystallinity from DSC and peak temperature in TREF of the recycled samples as a function of recycling time, (B) is a 3D plot of CFC analysis of vP- 
HDPE, and (C) shows Mw of rP- and rZN–HDPE recycled at 10, 20, 30 and 240 min from SEC-IR and (D) is vinyl index of recycled P–HDPE from FTIR analysis.
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2.7. Fourier-transform infrared (FTIR) spectroscopy

FTIR spectroscopy was conducted using a BRUKER Alpha-T spec
trometer over the wavenumber range of 3600 to 600 cm⁻¹ at room 
temperature. The measurements were acquired with a spectral resolu
tion of 4 cm⁻¹, averaging 256 scans per sample. The vinyl index (VI) is 
calculated by using Eq. (2) [46]. 

(2)

3. Result and discussions

3.1. Differential scanning calorimetry

DSC was employed to investigate the thermal behaviour of virgin and 
recycled HDPE samples, to quantifying the impact of the recycling- 
induced molecular degradation on melting temperature (Tm) and de
gree of crystallinity (Xc). The changes in Xc are shown in Fig. 4(A). The 
raw data of heat flow vs temperature can be found in the SI (Figure S1 
and Table S1). vP-HDPE and vZN-HDPE showed Xc values of 66.6 % and 
72.4 %, respectively. For P–HDPE, Xc decreased continuously with 
increasing tr at both Tr, with a stronger decrease at Tr = 210 ◦C to 59.4 % 
after tr = 240 min, reflecting increased topological irregularities like 
branching and more topological irregularities at higher Tr that disrupt 
crystalline packing. The same trend was observed in rZN-HDPE, recy
cling at both Tr led to a reduction in crystallinity, with Xc decreased to 66 
% after 240 min at Tr = 170 ◦C, whereas at Tr = 210 ◦C, Xc decreased to 
63 % at tr = 240 min. The overall reduction in crystallinity for both 
materials is primarily attributed to the formation of irregularities within 
the polymer chain, such as short- and long-chain branching. vP-HDPE 
and vZN–HDPE exhibited melting temperatures (Tm) of about 133.0 
◦C. Upon recycling, Tm progressively decreased with increasing tr and Tr, 
primarily due to the formation of branches during thermal-mechanical 
degradation. For rP-HDPE, Tm decreased at Tr = 170 ◦C, to 128.5 ◦C 
after the tr = 240 min, and at Tr = 210 ◦C, Tm declined to 129.2 ◦C at tr =
240 min. A similar trend was observed for rZN–HDPE, with Tm 
decreased to 129.8 ◦C (tr = 40 min) at Tr = 170 ◦C and at Tr = 210 ◦C, Tm 
decreased to 126.7 ◦C when tr = 240 min. The decrease in Tm of rP-HDPE 
and rZN–HDPE clearly indicates that branches are formed during the 
recycling process.

3.2. Chemical characterization

CFC is coupling of SEC with TREF, was employed to investigate the 
formation of chain irregularities such as branching, mainly short-chain 
branching (SCB), [47–49]. in correlation with Mw of P-HDPE and 
ZN–HDPE during recycling (Figure S2 and Table S2).

The vP-HDPE exhibited a relatively narrow molecular weight dis
tribution (Mw = 232 kg/mol, Đ = 20), moderate crystallinity from DSC 
of Xc = 66.6 %, a value of 3.8 for CH₃/1000 total carbon atoms (TC) and 
a TREF peak temperature (Tp) of 94.5 ◦C. The Tp in TREF reflects the 
crystallizability of a polymer fraction, governed by its average branch
ing content [50–52]. Higher Tp indicate more linear, crystalline seg
ments, while lower Tp correspond to more branched, less crystalline 
fractions. Recycling of P-HDPE at shorter tr = 10 min at both Tr lead to 
only small changes in Tp, whereas the parameter CH₃/1000 TC from 3.8 
for vP–HDPE significantly decreased to 2.5 and 2.9 at 170 ◦C and 210 
◦C respectively, which indicates reduction in the chain ends. The value 
of CH₃/1000 drastically increased above the value of the vP-HDPE up to 
a factor of 3 by increased tr from 30 to 240 min. Additionally, SEC shows 
for P-HDPE at both Tr an increase in Mw after tr = 10 min due to the 
branching or crosslinking. Starting with tr = 30 min, Mw decreases, 
reaching at tr = 240 min for both temperatures a Mw decrease of nearly 
70 %. However, the elution volume is measured against a linear PS 

standard, thus long-chain branching is not represented properly.
In contrast, vZN-HDPE showed higher crystallinity of Xc = 72.4 %, 

higher Mw and broader molecular weight distribution (Mw is 273 kg/ 
mol, Đ = 42), and slightly larger CH₃/1000 TC of 4.8, with a higher Tp of 
95.6 ◦C. As shown by SEC, recycling of ZN–HDPE led to a continuous 
drop in the observed molecular weight. At Tr = 170 ◦C, Mw decreased to 
Mw = 173 kg/mol after tr = 10 min and Mw = 44 kg/mol about tr = 240 
min, with a reduction of dispersity to about 70 %. The change in dis
persity shows, that particularly the long polymer chains undergo chain 
scission. At Tr = 210 ◦C, Mw is reduced to Mw = 130 kg/mol after tr = 10 
min and to Mw = 45 kg/mol after tr = 240 min. From TREF, Tp does not 
change after tr = 30 min for both Tr, however decreases slightly at tr =
240 min, indicating simply chain scission but no (significant) branching 
at tr = 30 min. This is in line with the small changes in the parameter 
CH₃/1000 TC, at both Tr, whereas at tr = 240 min the content of chain 
ends doubles. Overall, CFC analysis reveals that recycling of P–HDPE 
initially caused chain extension and Mw increase, but prolonged tr led to 
severe apparent Mw reduction and extensive branching. In contrast, 
ZN–HDPE primarily underwent chain scission, with Mw and dispersity 
decreasing while branching increased only at longer tr. These findings 
highlight the catalyst-dependent structural stability of HDPE under 
recycling conditions.

A difference in branching mechanism can be observed also from IR 
spectroscopy: vP-HDPE exhibited a terminal vinyl group, with a ratio of 
0.037 per 1000 carbon atoms, consistent with chain-end unsaturation 
generated during polymerization. During recycling, a progressive 
decrease in vinyl content as a function of tr was observed, as shown in 
Fig. 4D, with a more pronounced decrease at higher Tr. At 170 ◦C and 
210 ◦C, the vinyl concentration decreased after tr = 10 min by 19 % and 
22 % and after tr = 240 min by 45 % and 52 %, respectively. The ter
minal vinyl bonds disappear due to a chemical reaction, suggesting e.g., 
a crosslinking of two or more terminal double bonds, leading to higher 
molecular weight structures. The systematic decline in vinyl content 
with increasing tr thus provides a molecular-level indicator of topolog
ical changes occurring during the thermal-mechanical degradation of 
rP-HDPE, with a faster reaction speed/faster disappearing of the ter
minal double bonds at higher temperatures. In contrast, vZN–HDPE 
does not show any significant vinyl index with an absence of the peak at 
908 cm-1, as shown in Fig. 3.

3.3. Melt flow index

The MFI quantifies how easily the polymer melt flows under specific 
conditions, and it is an important measure in polymer processing in
dustries. Processing temperature and recycling time significantly 

Fig. 5. MFI as a function of recycling time at different temperatures for virgin 
and recycled P-HDPE and ZN–HDPE.
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influence the MFI of rP-HDPE and rZN–HDPE. As shown in Fig. 5 and 
Table S3, vP-HDPE and vZN–HDPE exhibited MFI values of 0.25 and 
0.23 g/10 min, respectively. Mechanical recycling of P-HDPE did result 
in a slight decrease after 10 and 20 min at both temperatures, before at 
after 30 min of recycling time the material behaviour clearly differs: At 
170 ◦C, the MFI rapidly increases and doubles compared to its original 
value after 30 min and a drastic increase by a factor of 16 after 240 min. 
In contrast, at Tr = 210 ◦C, the MFI decreased by a factor of 5 to a 
basically crosslinked, thus very high viscosity material.

For ZN–HDPE at 170 ◦C and 210 ◦C a continius increase in MFI was 
observed, associated with molecular weight reduction. After 30 min, the 
MFI increased by a factor of 10 and 11 to around 2.5 g/10 min and 2.55 
g/10 min, respectively, with similar MFI values as an injection moulding 
grade. After 240 min, the MFI increase for both recycling temperature by 
more than a factor of 100. Those trends strongly suggest different 
degradation pathways (see below) for rP-HDPE and rZN-HDPE and that 
higher temperatures promote crosslinking or branching in rP–HDPE 
and chain scission in rZN-HDPE.

3.4. Small amplitude oscillatory shear (SAOS) rheology

The rheological behaviour of virgin and recycled HDPEs was inves
tigated using rheological SAOS measurements and analysing the SAOS 
G’ and G’’ vs ω (Fig. 6 and Figure S3) and |η*| vs ω data (Fig. 6C). 
Molecular changes were quantified via the crossover frequency (ωco) 
from the rubber to the terminal regime defined as the angular frequency 
at which storage (G′) and loss (G″) moduli intersect (G’ = G”) and via |η*| 
at a low frequency of 0.01 rad/s (Table S4, Figure S4). Both parameters 
are sensitive to molecular weight and chain dynamics, thus allow to 
investigate the degradation mechanism.

For P–HDPE, Fig. 6(B) shows, that ωco decreases after tr = 10 min at 
Tr = 170 ◦C, by a factor of 25 and for Tr = 210 ◦C by a factor of 100, 
indicating very sensitively massive Mw increase or the formation of a 
(dominating) star-like topology with a very large longest relaxation time 
[53]. For a linear polymer, a decrease of ωco by a factor of 25 or rather 
100 corresponds to a Mw increase by a factor of 2.6 and 3.9, following 
reptation theory and Mw ∝ 1/ωco

3.4, [21,54]. Since SEC shows only a Mw 
increase of only 40 % and 58 %, this hints to the formation of branched, 
star-like topologies, where the crossover-frequency depends exponen
tially on the molecular weight of an arm [55–57]. A similar trend is 
found for |η*| at 0.01 rad/s, which increases at tr = 10 min above the 
value of vP-HDPE by a factor of 1.8 and 2.4 at Tr = 170 ◦C and 210 ◦C, 
respectively, indicating the build-up of higher molecular weight struc
tures. Due to the terminal double bonds in P-HDPE, as described in 
literature [34,39–41]. and shown in Fig. 3, star-like branching via 
crosslinking of those terminal double bonds seems reasonable, which is 
also supported by the decrease in terminal vinyl content as shown by the 
IR measurements in Fig. 4A. At 170 ◦C and longer recycling times, ωco 
increases again, indicating chain scission and molecular weight reduc
tion, correlating also with the results from SEC. In contrast, at Tr = 210 
◦C, further crosslinking is happening and after tr = 240 min, G′ and G″ 
curves even run in parallel to each other at low frequencies with a slope 
of 0.32, as shown in Figure S3. Those opposing trends at processing 
temperatures of 170 ◦C and 210 ◦C are in general similar to the pre
sented changes in MFI in Fig. 5. The formation of stars via crosslinking of 
the terminal double bond is also well in line with the changes in the 
vinyl-index, presented in Fig. 4A and Table S3. In contrast to P-HDPE, 
recycling ZN-HDPE at both Tr of 170 ◦C and 210 ◦C led to relatively 
small changes of ωco after tr = 10 and 20 min, but showed an increase of 
ωco by a factor of 10 and 2.8 after tr = 30 min, respectively, as shown in 

Fig. 6. (A) G’ and G’’ SAOS data as a function of frequency and at a temperature 160 ◦C for virgin P–HDPE and ZN-HDPE, rP–HDPE at 30 min and 180 rpm at 170 
◦C and 210 ◦C and rZN–HDPE at 30 min and 180 rpm at 210 ◦C. (B) Crossover frequency of virgin and rP-HDPE and rZN-HDPE as a function of different recycling 
times. (C) |η*| vs frequency of virgin and rP-HDPE and rZN-HDPE of 30 min at 170 ◦C and 210 ◦C. (D) |η*| at 0.01 rad/s of virgin and rP-HDPE and rZN-HDPE as a 
function of different recycling times.
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Fig. 6B Both ωco changes clearly reflect chain scission, thus a Mw 
reduction. No more crossover point is found for rZN-HDPE after tr > 30 
min at Tr = 170 ◦C and after tr > 60 min at Tr = 210 ◦C, as ωco occurs at 
high frequencies beyond the measurement range due to the drastic Mw 
decrease. Additionally, |η*| at ω = 0.01 rad/s decreased as a function of 
tr and it is given in Fig. 6D, with a drop by a factor of 3.0 and 2.2 after tr 
= 30 min at Tr = 170 ◦C and 210 ◦C respectively, which clearly indicates 
Mw decrease due to chain scission. Those findings also match well the 
trends observed with the SEC and MFI in Section 3.2 and 3.3. Combining 
CFC and SAOS rheology indicates that for rZN–HDPE not only chain 
scission and the formation of linear chains happens, but also the for
mation of branched structures, which dominate the relaxation process: 
for a linear polymer, a change in ωco by a factor of 10 would result in a 
Mw change by a factor of about 2. Since the molecular weight measured 
with SEC decreases much stronger, is suggests the occurrence of 
branched structures, with lower hydrodynamic radii, resulting in lower 
apparent Mw values in SEC.

In overall, rP–HDPE and rZN–HDPE demonstrated different tem
perature dependent degradation behaviour during mechanical recy
cling. For rP–HDPE, star-like branching is observed after short tr = 10 
min at both temperatures, but at longer tr chain scission dominates at 
170 ◦C whereas branching to crosslinking occurs at 210 ◦C. In contrast, 
rZN–HDPE exhibited at both Tr continuous reduction in |η*|0.01 and 
increasing ωco, indicating chain scission. Furthermore, rZN–HDPE ex
hibits higher ωco and lower |η*|0.01 Tr = 170 ◦C rather than 210 ◦C, 
indicating more Mw reduction at 170 ◦C than at 210 ◦C, thus degradation 
is driven for rZN-HDPE more by mechanical shear stress than by 
temperature.

The conclusions from SAOS rheology regarding changes in topology 
fit well to the results from DSC and CFC, both indicating the formation of 
chain irregularities. For rZN–HDPE, changes in Mw captured by 
rheology and SEC also fit in general well together, whereas it is difficult 
to draw conclusions for P–HDPE from SEC due to the lack of an absolute 
molecular mass detection. However, this can be quantified very sensi
tively by SAOS, highlighting the need and power of combining the two 
techniques to shed more light on the degradation mechanism of the two 
HDPE grades polymerized by different catalyst during mechanical 
recycling.

3.5. Extensional rheology

Whereas DSC and CFC and to some extend SAOS rheology allow to 
investigate chain irregularities like branching (Fig. 2), to capture “comb- 
like” LCB and to differentiate from star-like and SCB, extensional rheo
logical measurements are needed. Only long-chain branching causes 
strain hardening, thus allows to clearly distinguish from SCB or star-like 
branching. As expected for linear PE, vP-HDPE and vZN-HDPE exhibited 
negligible strain hardening behaviour, with SHF values between 1.5 and 
1.6 and SHF around 1, respectively (Table S4), across all tested strain 
rates (0.03–3.0 s⁻¹). This response is characteristic of entangled linear 
polymers with basically no LCB (Figure S5 and Digure S6).

For rP–HDPE recycled at Tr = 170 ◦C and 210 ◦C, the SHF basically 
did not change compared to the virgin material until very large tr = 240 
min and tr = 120 min, respectively. As stars do not show strain hard
ening in extensional flow due to topology, these findings support the 
assumption of the formation of star-like and not comb-like branching 
from the SAOS experiments. The appearance of SH for Tr = 170 ◦C and tr 
= 240 min indicates the formation of LCB. For rP-HDPE at Tr = 210 ◦C 
and large tr, the occurring relatively weak SH with SHFmax = 3.5 can be 
explained by the transition of a star-like topology to crosslinking of the 
material, as indicated in the SAOS measurements.

Particularly for P-HPDE, the observations from extensional rheology 
and CFC regarding the changes in CH3/1000 TC are in good agreement: 
If there is not a (drastic) increase of CH3/1000 TC value above the value 
of the virgin HPDE, there is also no strain hardening observed.

The molecular degradation during the mechanical recycling in rZN- 

HDPE left different SH patterns at different Tr. Although the virgin 
sample showed no strain hardening with a maximum SHF of SHFmax = 1, 
as shown in Fig. 7B the SHFmax increased continuously with increasing 
tr, reaching a SHFmax ≈ 5 after tr = 240 min at Tr = 170 ◦C, but of SHFmax 
= 11 at Tr = 210 ◦C, reaching similar SHFmax values as most commercial 
LDPE grades [58–60]. The increase in SHF is due to the development of 
long-chain branching and clearly indicates more comb-like LCB at Tr =

210 ◦C than at Tr = 170 ◦C.

3.6. Molecular degradation pathways

As shown in Section 3.1 to 3.5 clearly, P-HDPE and ZN–HDPE un
dergo very different degradation pathways, which differ for P-HDPE and 
large tr also clearly between different extrusion temperatures. Due to 
mechanical stress and heat, C–C bond cleavage and the formation of 
radicals occur. Those radicals can react further in 

(I). recombination with the same or a different radical,
(II). disproportionation or β-chain scission,
(III). the formation of new radicals by e.g., proton abstraction and the 
formation of a radical within the polymer chain as mid-chain radicals 
or
(IV). reaction with vinyl groups present in the polymer chains.

Based on the results presented before, we propose the following 
(dominating) degradation pathways, shown schematically in Fig. 8 and 
Table S5.

For P-HDPE, star-like branching occurs at short recycling times of tr 
= 10 min independent of the extrusion temperatures due to crosslinking 
of the terminal double bonds present in P-HDPE, as indicated by IR 
spectroscopy, SEC, SAOS rheology and extensional rheology. At longer 
recycling times, further branching and crosslinking happens at Tr = 210 
◦C, clearly shown by the SAOS data. In contrast, at Tr = 170 ◦C chain 
scission and branching with a more comb-like long-chain branched to
pology occurs at long tr, since ωco from the SAOS data increases with 
increasing tr, combined with the occurrence of strain hardening in 
extensional flow.

The different long-term molecular changes between Tr = 170 ◦C and 
210 ◦C can be explained by more likely C–C bond scission with 
increasing temperatures, in addition to the more likely further cross
linking of the (remaining) terminal double bonds. The scission of a C–C 
bond in HDPE leads to the formation of two polymer chains with lower 
molecular weight and primary radicals. Those polymer chains with a 
primary radical can abstract a proton from another polymer chain, 
forming firstly a polymer chain with a mid-chain radical and secondly a 
proton-terminated lower molecular weight polymer chain. The polymer 
chain with a mid-chain radical can then react with a polymer chain with 
another radical. In case of a linear polymer chain with a primary radical, 
a LCB comb-like structure is formed, which will result in SH. Addition
ally, comb-like LCB would have a shear thinning effect, matching with 
the observed SAOS features of again increasing ωco and decreasing |η 
*|0.01 at longer tr for Tr = 170 ◦C. In contrast, at Tr = 210 ◦C, C–C bond 
scission is more likely to happen, resulting also in more polymer chains 
with mid-chain radicals. If overall more mid-chain radicals are present, 
they are more likely to recombine. If per star-like polymer (as it occurs 
for P-HDPE after short tr) in average more than two mid-chain radicals 
recombine and chemically connect the stars, already a crosslinked 
network is formed. Here it is very important to note, that only a small 
portion of crosslinked molecules will fully dominate the resulting bulk 
dynamics. Thus, it is not necessary that every polymer chain is part of 
the crosslinked network with the reaction pathway described above, per 
mid-chain radical also one terminated lower molecular weight polymer 
chain is produced. Those findings also are in line with the SEC-IR results 
listed in Table S2, indicating first the decrease of the value of CH3 / 1000 
TC during the star formation, and then a final increase with further 
degradation.
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For ZN–HDPE, chain scission and molecular weight reduction is 
happening continuously with ongoing recycling time at both extrusion 
temperatures, as clearly shown by SEC and SAOS rheology. Additionally, 
DSC and TREF show increased content of branches, with the occurrence 
of LCB at larger tr as quantified by the occurrence of SH in extensional 
flow. Very interestingly, the extent to which those changes happen 
highly depends on the extrusion temperature: at 210 ◦C compared to 170 
◦C, more branching can be found, which is seen consistently throughout 
DSC, TREF and extensional rheological measurements. From SAOS and 
SEC measurements, we can conclude more molecular weight reduction 
at 170 ◦C than at 210 ◦C.

While those mechanisms can be derived for the recycling of the neat 
P- and ZN–HDPE, the mechanism will differ if residual species are 
available, as it is typically the case for post-consumer waste. The 
simplest case would be a contamination of ZN–HDPE with P-HDPE, 
which will clearly impact their degradation pathways.

4. Conclusion

This study provides a polymerization catalyst driven framework for 
understanding the thermo-mechanical degradation of high-density 
polyethylene (HDPE) produced via Phillips (P-) and Ziegler-Natta 
(ZN–HDPE) catalysts during mechanical recycling. Although their 
chemical similarity, P- and ZN–HDPE differentiate in the number of 
terminal vinyl groups, as also confirmed by IR spectroscopy. Two blow- 
moulding virgin P- and ZN–HDPE (vP- and vZN-HDPE) with identical 
melt flow indices (MFI) were subjected to mechanical recycling using a 
twin-screw extruder at an extrusion temperature of 170 ◦C and 210 ◦C, a 
screw speed of 180 rpm, and recycling times from 10 to 240 min to 

simulate mechanical recycling conditions. The HDPE recyclates were 
characterized with differential scanning calorimetry (DSC), cross- 
fractionation chromatography (CFC), small angle amplitude oscillatory 
shear (SAOS) and extensional rheology. The analysis shows distinct and 
significantly different degradation pathways between P-HDPE and 
ZN–HDPE. rP-HDPE shows molecular weight increase/star-like 
branching at short recycling times of 10 min, independent of the recy
cling temperature, most likely due to crosslinking of the terminal double 
bonds, correlating with their continuous decrease, quantified by IR 
spectroscopy. At longer recycling time of >30 min, rP-HDPE shows 
crosslinking at 210 ◦C, but chain scission and molecular weight decrease 
at 170 ◦C. In contrast, rZN–HDPE shows at both recycling temperatures 
only chain scission and molecular weight reduction with increasing 
recycling time, quantified by CFC and SAOS rheology. Interestingly, the 
molecular weight reduction is more pronounced at 170 ◦C, whereas at 
210 ◦C more pronounced long-chain branching occurs, resulting in 
strain hardening in extensional flow. Importantly, the emergence of 
strain hardening rZN–HDPE particularly under tailored thermal and 
mechanical histories shows a promising pathway for upcycling it into 
high-value applications such as films, foams and fibres, where melt 
strength and strain hardening are critical. These findings highlight for 
HDPE recycling the importance of polymerization catalyst and the 
resulting different amount of terminal double bonds for the degradation 
pathway. Additionally, the here presented framework paves the way to 
transform waste HDPE into functional materials with enhanced rheo
logical performance. Identifying the polymerization catalyst and/or the 
amount of terminal bonds before recycling allows to design recycling 
conditions to obtain high-performances polymer recyclates with tailor- 
made properties. Therefore, these finding will allow to improve 

Fig. 7. (A) Transient extensional viscosity as a function of time for vP-HDPE and rP-HDPE processed for 240 min at 180 rpm and 170 ◦C, and (C) shows extensional 
viscosity vZN–HDPE and rZN–HDPE processed for 240 min at 180 rpm and 210 ◦C. The corresponding maximum SHF of rP-HDPE and rZN–HDPE are shown in (B) 
and (D), respectively.
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industrial recycling of post-consumer polymer waste and to stop poly
mer downcycling.
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mechanical properties of extensively recycled high density polyethylene, Polym. 
Degrad. Stab. 114 (2015) 133–145.

[12] A.T.P. Zahavich, B. Latto, E. Takacs, J. Vlachopoulos, The effect of multiple 
extrusion passes during recycling of high density polyethylene, Adv. Polym. 
Technol. 16 (1997) 11–24.

Fig. 8. Schematic drawing of the different degradation pathways and the dominating topologies in P- and ZN–HDPE during mechanical recycling at an extrusion 
temperature of 170 ◦C and 210 ◦C, using the molecular insights from DSC, CFC, SAOS and extensional rheology.

A. Arumugam et al.                                                                                                                                                                                                                            Polymer Degradation and Stability 247 (2026) 111981 

9 

https://doi.org/10.1016/j.polymdegradstab.2026.111981
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0001
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0001
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0002
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0002
https://doi.org/10.1787/76400890-en
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0005
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0005
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0005
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0006
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0006
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0007
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0007
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0007
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0008
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0008
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0009
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0009
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0009
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0010
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0010
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0010
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0011
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0011
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0011
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0012
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0012
http://refhub.elsevier.com/S0141-3910(26)00062-5/sbref0012


[13] T. Schülein, C.K. Georgantopoulos, L. Bolk, V. Herrmann, M. Wilhelm, Thermo- 
mechanical degradation kinetics of a high-density poly(Ethylene) using a closed- 
cavity rheometer, J. Appl. Polym. Sci. 142 (2025) e56784.

[14] G. Teteris, Degradation of polyolefines during various recovery processes, 
Macromol. Symp. 144 (1999) 471–479.
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