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ABSTRACT

Mechanical recycling of plastics is the most common process, but mixed polymer chain lengths make molecular weight effects
unclear. By blending high and low molecular weight (M, ) Polyethylene terephthalate (PET), we want to investigate the changes
in molecular weight distribution in the extrusion process and the properties regarding processability and performance. Bottle-
grade PET (high M) and fiber-grade PET (low M, ) were used. The aim of the study was to understand the structure-property

relationship relevant to mechanical recycling for PET. We focused on melt viscosity, degree of crystallinity, tensile strength, and

elongation at break, all strongly dependent on molecular weight. Different blend ratios were extruded and tested for molecular

weight, thermal, rheological, and mechanical behavior. The results show that blending enables precise tuning of properties. GPC
and rheology confirm chain scission and extension during extrusion, leading to convergence of molecular weight distributions.
Thermal analysis shows a reduced degree of crystallinity and melting temperature with higher M. Mechanical tests reveal that
higher M, improves tensile strength and elongation up to a threshold. All blends show similar molecular weight distribution,

ensuring consistent properties and wider processing options for recycled PET.

1 | Introduction

Plastics are important in modern life. These materials are
versatile and are used in a variety of sectors. These sectors in-
clude packaging, textiles, construction, medicine, automotive,
aviation, electronics, leisure and sports goods, and energy [1].
Polyethylene terephthalate (PET) is a thermoplastic polyester
that combines high strength and stiffness, chemical resistance
and, depending on additives and processing, transparency. PET
is also suitable for weather-resistant applications and has an ef-
fective barrier against gases such as oxygen and carbon diox-
ide, a property that can be further enhanced through biaxial
stretching [2, 3]. These characteristics make PET particularly
well-suited for applications such as bottles containing carbon-
ated beverages, where gas retention and material durability
are essential [4]. Polyethylene terephthalate is one of the most

produced plastics on the global market [5]. The primary applica-
tions of this material are packaging, particularly in the context
of bottles and technical applications, such as in the electrical
and electronics industry, as well as in glass fiber-reinforced
compounds [3, 6]. A further range of potential applications has
been identified in the domains of textiles, medical products and
construction [7-9].

The release of plastics such as PET into the environment
through landfills or mismanagement has a significant impact.
Microplastics impact marine, terrestrial and coastal ecosystems,
exhibit toxic effects, interfere with nutrient cycles and pose a
threat to various forms of life [10, 11]. To mitigate these con-
sequences, it is crucial to transition from a linear to a circular
economy. The aim is to minimize plastic waste and stop it accu-
mulating in landfill sites [12].
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Plastic recycling involves primary (closed loop), secondary
(downcycling), tertiary (chemical monomer recovery), and
secondary (energy recovery) methods [12]. Mechanical recy-
cling, which includes both, primary and secondary recycling
processes, involves shredding, cleaning, and subsequent re-
granulation of sorted plastic waste. Regranulation typically
takes place after twin-screw extrusion at elevated tempera-
ture and pressure. In order to enhance the material properties
of the recyclate, it is common to incorporate polymer blends,
additives, stabilizers, or fillers during the processing stage
[13-15]. One major drawback of mechanical recycling is mo-
lecular weight degradation. Machine Learning has recently
been recognized as a promising approach to optimize thermo-
plastic recycling processes [16].

The degradation mechanisms of PET during processing can be
divided into three main categories: hydrolytic degradation, ther-
mal degradation, and thermal-oxidative degradation. Hydrolytic
degradation occurs at temperatures above 100°C. It is caused
by moisture as an autocatalytic reaction in which water breaks
down ester bonds. This leads to an increase in hydroxyl and car-
boxyl end groups [17]. In contrast, thermal degradation occurs
at high temperatures in the absence of oxygen through random
chain scissions at ester bonds. This produces vinyl and carboxyl
end groups [17]. This process is particularly relevant in the mol-
ten state, at temperatures above 270°C [18]. Thermal-oxidative
degradation occurs at temperatures above 180°C-200°C in the
presence of oxygen. It proceeds via radical mechanisms, leading
to chain breaks and the formation of hydroperoxides. Depending
on the oxygen content, branching can occur [19].

The material's rheological, thermal and mechanical properties
are negatively affected [20, 21]. As a result, downcycling often
occurs, leading to the use of the material for applications with
lower requirements and a reduction in the overall quality of
the reprocessed material compared to its original form [22]. A
significant decrease in viscosity can already be observed after
the first recycling cycle, whereas mechanical properties tend to
decline only slightly [23, 24]. Additionally, the glass transition
temperature (Tg) of PET is affected by its molecular weight. As
molecular weight decreases, chain mobility increases, resulting
in a reduction in T, [25].

Although chemical and enzymatic recycling processes such as
glycolysis and enzymatic depolymerization can recover high-
quality monomers, they are technically complex and costly
[26-30]. Challenges related to scalability and economic viability
remain, which complicates large-scale implementation [31, 32].
Therefore, optimizing mechanical recycling is crucial for the
transition to a circular economy.

One promising approach to compensate for the negative effects
of molecular weight degradation is to blend recycled PET with
virgin material. Studies show that mechanical and rheological
properties can be significantly improved by appropriate blend-
ing ratios [33-36]. Fann et al. investigated such virgin/recycled
PET blends and found that mechanical properties and degree of
crystallinity increase with increasing recycled polymer content
as the crystallization behavior is influenced [37]. In contrast,
Lee et al. showed that both thermal stability and mechanical
properties can be improved by increasing the virgin content [38].

Elamri et al. analyzed fibers made from mixtures of virgin and
recycled PET. He observed that as the proportion of virgin PET
increased, the breaking stress increased linearly and the elonga-
tion at break decreased linearly. The zero shear viscosity of all
blends is lower than predicted by the logarithmic rule [39].

Variations in recyclate quality, processing conditions and addi-
tive formulations contribute to inconsistencies in the literature
and complicate direct comparisons between studies [40]. To use
recycled PET for high-quality applications, it is crucial to have
a solid understanding of how molecular weight influences im-
portant properties relevant to processability and performance.
Examples of such properties include melt viscosity, degree of
crystallinity, tensile strength, and elongation at break. Mixing
PET with different M, reflects the reality of recycling, as waste
typically has different M, values. At the same time, mixing low
and high M, PET allows the properties to be specifically ad-
justed for use in high-quality products.

This study therefore aims to improve the understanding of mo-
nopolymer blends by systematically blending low and high mo-
lecular weight PET grades. The work investigates how blending
affects the molecular weight distribution as well as the thermal,
rheological, and mechanical properties. The results are partic-
ularly relevant for recycling scenarios in which different M, of
plastic waste are extruded and where recycled PET generally has
a lower molecular weight than new material. This adjustment
of the M, also changes the properties. By providing a deeper
understanding of the structure-property relationships in such
blends, this study aims to enable the targeted use of recycled ma-
terials in high-performance applications.

2 | Materials and Methods
2.1 | Materials

The PET grades used in this study have different intrinsic vis-
cosities (IV) and therefore different molecular weights (M,,).
The low IV PET is TRN-MJ from Teijin Ltd. (Tokyo, Japan)
and is mainly used for injection molding applications or fibers.
The PET with the high IV is NEOPET84 from the NeoGroup
(Klaipéda, Lithuania) and is used for applications such as bev-
erage bottles or films. The IV values presented in Table 1 were
obtained from manufacturer data sheets. The experimental
determination of the number-average molecular weight (M),
weight-average molecular weight (M, ), and polydispersity index
(PDI) is also shown.

2.2 | Compounding and Sample Preparation

The PET grades were molten and blended in a co-rotating, in-
termeshing twin-screw extruder ZSK 26MC from Coperion
GmbH (Stuttgart, Germany). The screw configuration is shown
in Figure 1 and is a typical combination of conveying, shear-
ing and mixing elements. The Supporting Information provides
a technical description of the screw elements. The color coding
of the elements corresponds to the technical specifications in
Figures S1-S11 of the Supporting Information. The screw diam-
eter was 25.5mm and has a length-to-diameter ratio (L/D ratio)
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TABLE1 | Properties of virgin blend components.

Number-average

Weight-average

Intrinsic viscosity molecular weight molecular weight Polydispersity
Material IV (dL/g) M, (g/mol) M, (g/mol) index (PDI)
TRN-MTJ 0.53 20,600 47,500 2.3
NEOPETS84 0.84 31,300 81,100 2.6

THTTATH T mmamIi

FIGURE1 | Modular screw configuration with elements along the screw axis: Conveying elements, kneading blocks, and mixing elements. The

color coding of the screw elements corresponds to the technical specifications provided in the Supporting Information.

TABLE 2 | Overview of all blends and their components.

TRN-MTJ (low  NEOPETS4 (high

Sample name IV) (Wt.%) IV) (Wt.%)
100/0 100 0

80/20 80 20

60/40 60 40

50/50 50 50

40/60 40 60

20/80 20 80

0/100 0 100

of 44. The material was processed at a throughput of 10kg/h.
The process parameters for the extrusion were a temperature
profile of 10 heating zones (80/80/240/260/260/260/260/260/
260/260 in °C) and a screw speed of 300rpm (revolutions per
minute). The residence time was determined by modeling the
behavior of a co-rotating twin-screw extruder using SIGMA
simulation software [41]. The calculated average residence time
is 150s.

The samples for the rheological tests were produced using a
hot press (P/O/Weber GmbH, Remshalden, Germany). The
geometry of the specimens was disc-shaped, with a diameter
of 25mm and a thickness of 1.2mm. The samples for the me-
chanical tests were produced using an injection molding ma-
chine (ARBURG GmbH + Co KG, Lofiburg, Germany). For
the tensile tests, ISO 527-1A type specimens were used, with
dimensions of 170mm length, 10 mm width (narrow section),
and 4mm thickness. To minimize the influence of variations
in the degree of crystallinity variations across the cross-section
of the blends on their mechanical properties, all samples were
annealed at 150°C for 5min in a hot press without applying
pressure prior to testing.

To avoid degradation by hydrolysis, the granules and the pre-
pared sample were dried at 120°C under vacuum for at least 15h

before processing and measurements. An overview of all blends
and their composition is shown in Table 2.

2.3 | Molecular Weight Analysis

A hexafluoroisopropanol (HFIP) -based gel permeation chro-
matography (GPC) measurements were performed at 20°C with
0.1mol/L KTFAc (potassium trifluoroacetate) on a Viscotek
GPCmax VE 2001 from Malvern applying a PSS PFG precol-
umn and a PSS PFG main column. The solvent was an HFIP
solution with 0.1 mol/L KTFAc and the sample concentration
was adjusted to approximately 3mg/mL at a flow rate of 0.5mL/
min. The refractive index was determined using a VE 3580 RI
(Refractive Index) detector from Viscotek. External calibration
was performed using polymethyl methacrylate (PMMA) stan-
dards (purchased from PSS) with a molecular weight range from
602 to 182,000g/mol. OmniSEC software (Version 5.12.) was
used to evaluate the data.

2.4 | Thermal Behavior

The thermal properties of all samples were analyzed using a dy-
namic differential scanning calorimeter (DSC 1, Mettler Toledo,
Columbus, OH, USA). Measurements were conducted under a ni-
trogen atmosphere, with sample masses ranging from 5 to 10mg.

For thermal characterization, the DSC temperature program in-
cluded two heating cycles and one cooling cycle between 25°C
and 300°C at a constant rate of 10K/min. A 2-min isothermal
hold was performed at 300°C after the first heating and at 25°C
after the cooling step.

To determine the degree of crystallinity of the annealed tensile
bars, specimens were cut out from the core of the tensile test
samples and subjected to a separate heating cycle from 25°C to
300°C at a heating rate of 10K/min.

Data analysis was performed using STARe software (Mettler-
Toledo AG, Schwerzenbach, Switzerland). The degree of crys-
tallinity was quantified based on the melting enthalpy (AH,),
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which was determined by integrating the area under the endo-
thermic melting peak in the second heating curve using a linear
baseline. The measured melting enthalpy (AH, ) was compared
to the theoretical melting enthalpy of fully crystalline PET
(AH_=140J/g) [42].

2.5 | Rheological Behavior

Shear rheology experiments were conducted in oscillatory mode
using an Anton Paar MCR 702 rheometer (Graz, Austria) at
270°C to determine the viscous and elastic material parame-
ters. Measurements were performed in a plate-plate geometry
with a plate diameter of 25 mm and a gap of 1 mm. Strain sweeps
were first conducted to identify the linear viscoelastic region
(LVR) before proceeding with frequency sweeps. Subsequently,
frequency sweeps were carried out under Small Amplitude
Oscillatory Shear (SAOS) at a constant strain of 5% within the
LVR, covering an angular frequency range from 1 to 500rad/s.

To analyze the flow behavior of the blends studied, the shear
viscosity data were fitted using the Carreau-Yasuda model
(Equation 1), which describes the relationship between viscosity
and shear rate [43].

0 = e + (10— 1) - [1+ G )

Following the observations made by Cox and Merz, the steady
shear viscosity was equated to the magnitude of the complex vis-
cosity at the corresponding frequencies [44]. The Cox Merz rule
is applicable to PET [45]. The model parameters 7, and 1), repre-
sent the zero and infinite shear viscosity, 4 represents a charac-
teristic relaxation time, a characterizes the width of the transition
region and n the shear thinning exponent, respectively.

2.6 | Mechanical Behavior

The mechanical properties of the samples were tested by carry-
ing out a tensile test. Tensile tests were performed in accordance

(@)

virgin IV 0.84  virgin IV 0.53
virgin IV 0.53 ~a
——100/0
—80/20
——60/40
——50/50
——40/60

20/80
0/100

virgin IV 0.84
—

WF/dLogM / -

T
3.0 35 4.0 4.5 5.0 5.5 6.0
LogM/-

with DIN EN ISO 527 using a Zwick Z1485 universal testing ma-
chine (ZwickRoell GmbH & Co. KG, Ulm, Germany). The spec-
imens had dimensions corresponding to ISO 527-1A. Young's
modulus of the annealed tensile bars was determined at a testing
speed of 1 mm/min up to 0.25% elongation, followed by contin-
ued testing at 50 mm/min until specimen failure. For each ma-
terial blend, a minimum of five specimens was tested to ensure
statistical reliability of the results.

3 | Results and Discussion
3.1 | Molecular Weight

Gel permeation chromatography was used to characterize the
molecular weight distribution of the PET blends. The result-
ing chromatograms enable conclusions to be drawn about the
distribution of chain lengths and allow parameters such as the
number-average molecular weight (M, ) and the weight-average
molecular weight (M) to be determined. Figure 2a shows the
results of gel permeation chromatography of PET blends and
their unprocessed virgin components. The two blends 100/0 and
0/100 correspond to the pure virgin materials (IV 0.53 and IV
0.84), only processed with the twin-screw extruder. The molec-
ular weight distributions of the blends lie between those of the
pure components and shift depending on the mixing ratio. This
shows how mixing PET grades with different molecular weights
leads to a spectrum of materials with intermediate molecular
weight distributions. Figure 2b shows the normalized RI sig-
nal over the retention volume obtained from the GPC measure-
ment. This was measured for high- and low-molecular-weight
virgin materials, a solvent-based blend and an extruded blend.
Additionally, the theoretical sum of the two individual chro-
matograms at a ratio of 50:50 was calculated using the two vir-
gin components. This represents what the blend would look like
if there were no build-up or breakdown processes taking place.
The actual measured unprocessed 50/50 mixture matches the
calculated curve. This indicates that the molecular masses are
not affected as a result of simple physical mixing. Comparing
the curves before and after processing the 50/50 blend shows

(b)

1.004 . . virgin IV 0.53 4
virgin IV 0.84 virgin IV 0.84
. calculated mixed components
—— 50/50 unprocessed
—— 50/50 processed
0.75 - -

virgin IV 0.53
»~ d

Normalized RI / -
o
3
1

0.25

6 8 10 12
Retention Volume / mL

FIGURE 2 | (a) Molecular weight distribution of all blends and the low and high molecular weight virgin components determined by GPC. (b)

GPC shows the normalized RI signal as a function of retention volume for the virgin components (IV 0.53 and IV 0.84), their theoretically calculated

mixture, and the 50/50 blends in both unprocessed and processed states.
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FIGURE 3 | Weight-average molecular weight (M, filled symbols,
left y-axis) and number-average molecular weight (M,, open symbols,
right y-axis) of PET blends are shown as a plot against the concentration
of the high molecular weight PET component (IV 0.84). Black symbols
represent blends, red symbols neat components.
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FIGURE 4 | Polydispersity Index (PDI, filled symbols, left y-axis)
and Full Width at Half Maximum (FWHM, open symbols, right y-axis)
of the molecular weight distribution of PET blends versus the concen-
tration of the high molecular weight PET component (IV 0.84). Black
symbols represent blends, red symbols neat components.

a shift towards lower retention volumes and a change in shape
compared to the curve of the unprocessed blend. The processed
50/50 blend shows a slightly narrower elution peak and a slight
shift towards longer polymer chains. More information can be
found in Figure S11 of the Supporting Information. As demon-
strated in Figure 3, both M, and M increase linearly with the
amount of high molecular weight PET (IV 0.84) in the blend.

A comparison of the molecular weights of processed neat mate-
rials (100/0 and 0/100 blends) with the virgin materials shows
a decrease in the chain length of the high molecular weight
PET, while the chain length of the low molecular weight PET
increases. For the low IV component, the increase in M, due
to processing indicates polycondensation because this value is

strongly affected by longer chains. However, M, remains sta-
ble, showing that either the total number of chains remains
largely unchanged or the fluctuations are below the resolu-
tion of the GPC measurement [46]. Kruse et al. have already
demonstrated that the surrounding atmosphere influences the
molecular weight of PET [47]. Degradation of the material oc-
curs in the presence of air, resulting in a reduction of molecu-
lar weight. In contrast, polycondensation occurs in a nitrogen
atmosphere, leading to an increase in molecular weight. The
molecular weight of the polymer also has a significant effect on
the thermal and thermo-oxidative degradation stability of PET
[45]. Polyethylene terephthalate with a high molecular weight
shows high thermal stability in a nitrogen atmosphere but low
stability in air, which results in a high susceptibility to reduc-
tion in molecular weight, whereas PET with low molecular
weight exhibits the lowest degradation rate. During processing,
degradation and polycondensation are additionally influenced
by shear stress and the number of reactive end groups. High
molecular weight PET experiences higher shear stress during
extrusion but has only a small number of end groups, resulting
in low reactivity. Therefore, chain scission dominates, and the
molecular weight decreases. In contrast, low molecular weight
PET experiences lower shear stress and has a high number of
reactive end groups. This favors polycondensation during pro-
cessing, leading to an increase in molecular weight. The PET
with the lowest molecular weight also has the highest number of
hydroxyl end groups per molecule, which increases the potential
for polycondensation reactions and thus also the reaction speed.
With high molecular weight PET, the reaction rate is therefore
also slower [45].

As there are both oxygen-rich and oxygen-poor areas in the ex-
truder, chain scission as well as chain extension, branching, or
even crosslinking occur during the extrusion of PET [48-50].
Depending on the molecular weight of the blend components,
the molecular weight of the low IV PET is increased due to the
polycondensation and the molecular weight of the high IV PET
is reduced due to the degradation effects, which can be seen in
Figure 3 when comparing the virgin materials and the 100/0 and
0/100 blends.

Additionally, the polydispersity index (PDI) can be calculated by
dividing M by M_. The full width at half maximum (FWHM)
can be calculated using the molecular weight distribution. Both
values provide information about the width of the molecular
weight distribution. The higher the PDI and FWHM, the broader
the distribution. Both values are shown as a function of a high
molecular weight PET content in Figure 4. Neither the PDI nor
the FWHM depends on the mixing ratio. It was expected that the
molecular weight distribution would broaden as a consequence
of the mixing of polymers with high and low molecular weights
[51]. However, this cannot be seen in the measurement data.

A potential explanation for this finding could be the combina-
tion of an increase and a decrease in molecular weight during
the extrusion process. Within the oxygen-rich region of the ex-
truder, the molecular weight of high molecular weight PET is
reduced due to its lower stability, while low molecular weight
PET undergoes less degradation. In the low-oxygen areas of
the extruder, however, the low molecular weight PET shows
a high potential for polycondensation due to the high number
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of hydroxyl end groups, which increases the molecular weight.
The combination of these effects results in a shift of the molec-
ular weight distributions of the blend components towards each
other. This results in an averaging effect of the polymer chains.
Consequently, the molecular weight distribution does not be-
come broader. The corresponding results of the GPC analysis
are summarized in Table 3.

3.2 | Thermal Properties

We performed differential scanning calorimetry (DSC) mea-
surements to analyze the thermal properties of the mixtures. To
ensure a consistent basis for comparison, all samples were sub-
jected to a uniform heating and cooling protocol. Figure 5 pres-
ents the second heating scan and Figure 6 presents the cooling
scan obtained from the DSC measurements.

Figure 5 shows the heat flow over the temperature range from
35°C to 295°C, with endothermic processes generating a posi-
tive peak and exothermic processes a negative peak. All PET
blends show a step at approx. 80°C in the 2nd heating curve,
which describes the glass transition temperature T, T, is known
to depend on the average molecular weight of the polymer [25].
No significant differences in T, were found in the PET blends
tested. A possible explanation for the similar T, values for M
can be attributed to the relatively small differences in molecular
weight between the samples, which are insufficient to cause a
measurable shift in the glass transition temperature.

In the range from 240°C to 260°C, all blends show an endother-
mic peak, which reflects the melting range of the crystalline
components. The melting peak decreases with the content of the
high molecular weight PET. These findings are also consistent
with the literature, in which PET with a lower molecular weight
forms more perfect and densely packed crystals, which require
more energy, i.e., higher temperatures, to melt the polymer [21].

Looking at the degree of crystallinity of the blends, a decrease
is observed as the percentage of the high molecular weight
blend partner increases. This increase in molecular weight cor-
responds to the content of PET IV 0.84. The diffusion of lon-
ger macromolecular chains at the interface for crystal growth

TABLE 3 | Values of weight-average molecular weight (M,

number-average molecular weight (M),

and polydispersity index (PDI)

of the blends.

Blend (low M/

high M) M, (g/mol) M, (g/mol) PDI
100/0 20,800 56,400 2.7

80/20 22,400 58,200 2.6

60/40 24,900 66,500 2.7

50/50 25,500 67,500 2.7

40/60 25,500 67,900 2.7

20/80 26,700 71,900 2.7

0/100 29,000 76,000 2.6

requires more energy, which in turn reduces the crystallization
rate, decreases the total amount of crystalline phases, and in-
creases the amount of amorphous phases [52].

Figure 6 shows the first cooling curves of the blends. There is an
exothermic peak between 180°C and 210°C. This peak is caused
by the crystallization of the polymer. As the amount of high mo-
lecular weight PET increases, the crystallization shifts to lower
temperatures, and the crystallization peak becomes broader.
This is due to the higher mobility of short polymer chains com-
pared to longer polymer chains. The higher mobility increases
the crystallization rate of the short polymer chains, resulting
in a narrower exothermic peak at higher temperatures. As the
proportion of high molecular weight PET increases, the crystal-
lization rate decreases, resulting in a shift to lower temperatures
and a broadening of the crystallization peak [20, 53, 54]. The
corresponding thermal parameters are summarized in Table 4.

2. heating of PET/PET blends
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FIGURE 5 | DSC heating curve of PET blends with varying ratios
of low and high molecular weight components. The compositions are
indicated as low M /high M, ratios. X_ values represent the degree of
crystallinity.
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FIGURE 6 | DSC cooling curve of PET blends with varying ratios of
low and high molecular weight components. The compositions are indi-
cated as low M /high M, ratios.
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3.3 | Rheological Properties

To investigate the flow properties of the PET blends, shear oscil-
lation rheological measurements were carried out under nitrogen
atmosphere. The results are shown in Figure 7. In addition to the
blends, the unprocessed blend components were also analyzed.

In the high frequency range, all samples show a decrease in com-
plex viscosity with increasing frequency. This shear-thinning
behavior is characteristic of polymer melts and indicates the
dominance of disentanglement processes at higher shear rates.
In the low-frequency range, all materials exhibit a Newtonian
plateau at different levels depending on the molecular weight.
As the proportion of the high molecular weight component in-
creases, the viscosity increases. This is due to a higher average
molecular weight, consequently resulting in a higher degree
of chain entanglement. This observation is consistent with the
GPC results. Also, the blends with lower molecular weight show
an increase in viscosity during the measurement explainable by

TABLE4 | Values of glass transition temperature T, peak of melting
temperature T, , peak of crystallization temperature T,, and the degree
of crystallinity of the blends.

Blend (low Degree of
M, /high crystallinity
o o o
M,) T,(°C) T, (°C) T,(°C) (%)
100/0 800 2530 208x2 40+2
80/20 80+1 252+1 206=*1 36+0
60/40 80+1 251+0 203+1 33+1
50/50 80x1 2500 202+0 34+1
40/60 80x1 2500 2001 32+1
20/80 80+0 248+0 1970 30+1
0/100 81+0 247+0 194+0 30+0
1000 : T T
voss L
irqi EEm
virgin ll.....--
0/100 "
. | |
20/80 u

40/60 llllllllllll-.....
5050 EEEEEEEEEEEEE® "ay
--.......
[

60/40 SEEEEEEENEEEEEEEEg,, l...
.l..l

80/20 .IIIIIIIIIIIIIIIII....
u

Complex viscosity / Pa-s

100/0 ...llllllllllllll.....-lI
| |
|V0_53IIIIIIIIIIIIIIIIII..... "
|}

100 virgin

1 -500 rad/s, 5 % strain, 270 °C
T T

1 10 1(I)0
Frequency / rad/s

FIGURE 7 | Complex viscosity as a function of frequency for blends
of low (IV 0.53) and high (IV 0.84) molecular weight PET materials at
different ratios, including the virgin components, measured at 270°C
and 5% strain.

the high potential for polycondensation due to the high hydroxyl
end group concentration [47].

Comparing the unprocessed, high molecular weight blend compo-
nent I'V 0.84 with the processed blend 0/100, the Newtonian pla-
teau of the 0/100 blend is lower. This is due to thermal-oxidative
and shear degradation during processing in the twin-screw ex-
truder. However, comparing the low molecular weight blend com-
ponent I'V 0.53 with the processed blend 100/0 shows that the level
of the Newtonian plateau increases during processing. These re-
sults of the rheological measurements, that high molecular weight
PET tends to degrade, while low molecular weight PET tends to
increase in molecular weight during the extrusion process due to
the different oxygen concentrations, correspond very well with the
GPC measurements and with the literature [45, 50].

Figure 8 shows the zero shear viscosities of PET polymer blends
with high and low molecular weights in relation to the weight
percentage of the high molecular weight blend component
(IV 0.84). The experimental data are then compared with the
values predicted by the logarithmic additivity rule, under the as-
sumption of ideal mixing behavior without specific interactions.

According to the logarithmic additivity rule, the viscosity of a
binary polymer blend can be estimated from the viscosities of
the pure components using a logarithmic mixing relationship
(Equation 2).

Inpjeng = wy - Inny +w, - Inn, ©)

Here, 7,04 iS the viscosity of the blend, , and 7, are the vis-
cosities of the two pure components, and w, and w, are their
respective weight fractions. The viscosities of the pure mixture
components are also shown. The zero shear viscosities were
determined by fitting the shear viscosity data to the Carreau-
Yasuda model. To ensure an accurate fit and minimize the influ-
ence of running-in effects, the first measurement point at 1 rad/s
was excluded from the model fitting.

1000 T T T T T
e Zero shear viscosity
= Virgin blend components =
—— Log-addivity rule
%]
0]
Q
=
B
Q
(8]
(2]
>
®
(0]
<
[ Y
o
Ul
N
L ]
100 -

T T T T T

0 20 40 60 80 1(')0
Concentration of IV 0.84 / wt.-%

FIGURE 8 | Zero-shear viscosity of PET blends as plotted against
the concentration of the high molecular weight component (IV 0.84).
Experimental data for the blends are shown as gray circles, the log-
additivity rule as a solid gray line and the zero-shear viscosities of the
virgin blend components as red squares.
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TABLE 5 | Mechanical properties (Young's Modulus, Tensile Strength, Elongation at break) presented as average values with sample standard
deviations and degree of crystallinity after annealing for PET blends with varying ratios of low and high molecular weight components.

Core degree of

Young's modulus Tensile strength Elongation crystallinity after
Blend (low M_/high M) (GPa) (MPa) at break (%) annealing (%)
100/0 3.360£0.030 72.2+4.2 2.7x0.3 32
80/20 3.340x0.020 83.7x0.5 5.4x0.7 31
60/40 3.300+0.010 82.8+£0.5 8.6+0.8 31
50/50 3.320£0.020 82.4£0.5 9.1+0.5 29
40/60 3.230£0.010 81.7+0.3 6.0+3.1 29
20/80 3.340%+0.010 82.8x0.5 8.3x0.5 29
0/100 3.370£0.020 83.1+04 8.2+0.5 28
4000 . T T T T T 100 . . T T T T
o 3590 g 90 + 1
Q —F S —=
s —E —— ] ——— S o e L L
~ S —E—
@ = 804 -
= 3000 1 i <
g 2
52500 . g %
o 4 = 5]
g 500 + i 60 |
10] i
0 T T T T T T
0 20 40 60 80 100 0 T T T T T T
0 20 40 60 80 100

Concentration of IV 0.84 / wt.-%

FIGURE9 | Young's Modulus of PET blends plotted against the con-
centration of the high molecular weight component (IV 0.84). Error bars
show the sample's standard deviation.

The measured zero shear viscosities generally follow the loga-
rithmic additivity rule, with an R? of 0.99, indicating an excel-
lent correlation between experimental data and the predicted
values.

3.4 | Mechanical Properties

Tensile tests were conducted to determine the mechanical prop-
erties of the blends. For this purpose, the materials were injection
molded into standard test specimen geometry according to ISO
527-1A. As the degree of crystallinity significantly influences
mechanical performance and can vary across the specimen
cross-section due to differences in crystallization rates, a ther-
mal post-treatment was applied [55]. To ensure homogeneous
crystallinity distribution throughout the cross-section of the
specimen, the tensile test specimens were annealed. As a result,
crystallinity of the test specimen core in the range of 28%-32%
was achieved for all blends. An overview of all the results of the
mechanical analysis is shown in Table 5. Representative stress—
strain curves for all blends can be found in Figures S12-S18 in
the Supporting Information. The absence of strain hardening,

Concentration of IV 0.84 / wt.-%

FIGURE10 | Tensilestrength of PET blends as a function of the con-
centration of the high molecular weight component (IV 0.84). Error bars
show the sample's standard deviation.

a behavior typically observed in bimodal polyethylene systems,
suggests that the molecular weight distribution in these PET
blends does not induce similar reinforcement effects [56, 57].

Figure 9 shows the Young's modulus in relation to the amount of
high molecular weight PET. All blends exhibit a similar Young's
modulus, regardless of molecular weight. This observation is
consistent with findings reported in the literature, which indi-
cate that Young's modulus is largely independent of molecular
weight and is instead primarily influenced by the degree of crys-
tallinity [55, 58]. Since the degree of crystallinity remains ap-
proximately constant across the investigated blends, the Young's
modulus shows little variation.

Figure 10 presents the tensile strength in relation to the pro-
portion of high molecular weight blend partner. When the con-
tent of high molecular weight PET reaches 20wt.% or more, the
tensile strength reaches a plateau at approximately 83 MPa. In
contrast, the blend containing Owt.% high molecular weight
PET exhibited a significant decrease in tensile strength. These
findings are consistent with the existing literature, which
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documents an increase in tensile strength with molecular
weight up to a certain threshold [58-60]. This behavior is at-
tributed to the growing number of chain entanglements with
increasing molecular weight, leading to the formation of a
physical network. The entanglement molecular weight (Me)
of PET ranges from 1180 to 2120g/mol [61]. Above Me, the
polymer chains are long enough to form entanglements. The
PET blends investigated are well above this value. Beyond a
certain molecular weight, however, further increases do not
significantly enhance entanglement density, as the system has
already reached a state of entanglement saturation. It should be
noted that most existing studies were conducted using amor-
phous polymers, which allowed the influence of crystallinity
to be ignored. As all blends have almost identical degrees of
crystallinity, influences due to different degrees of crystallin-
ity can be excluded. However, the semi-crystalline structural
properties of the blends may vary [62]. In addition to molecular
weight itself, the molecular weight distribution also plays a role
in determining tensile strength. A broader distribution (i.e.,
higher polydispersity index, PDI) is generally associated with
lower tensile strength, whereas a narrower distribution im-
proves tensile strength [58, 59]. All blends analyzed have a very
similar PDI, ensuring that differences in tensile strength can
be attributed primarily to changes in molecular weight rather
than distribution.

Figure 11 shows the tensile strength in relation to the amount
present of the blend partner with a high molecular weight. An
increase in the content of high molecular-weight PET results in
an increase in elongation at break, indicating improved deform-
ability. This behavior is attributed to the increased number of
molecular chain entanglements associated with a higher molec-
ular weight, which enhances the material's capabilities in terms
of plastic deformation. A plateau is observed at a concentration
of approximately 40 wt.% of high molecular weight PET. Beyond
this concentration, a further increase in molecular weight does
not significantly affect elongation at break. In addition to mo-
lecular weight, both polydispersity and degree of crystallinity
are known to influence the elongation at break. However, for

N
o
1
1

Elongation at break / %
[9)]
1
1

0 T T T T T T
0 20 40 60 80 100

Concentration of IV 0.84 / wt.-%
FIGURE 11 | Elongation at break of PET blends plotted against the
concentration of the high molecular weight component (IV 0.84). Error
bars show the sample's standard deviation.

the samples investigated in this study, the polydispersity index
and the degree of crystallinity remain approximately constant,
allowing the observed effects to be attributed primarily to varia-
tions in molecular weight.

4 | Conclusion

This study investigated monopolymer blends of PET with high
and low molecular weight components to better understand struc-
ture-property relationships relevant to mechanical recycling. The
molecular weight distribution, thermal, rheological and mechan-
ical properties of these blends were systematically investigated.
The results demonstrate that blending enables controlled tuning
of molecular weight distribution, viscosity and mechanical per-
formance. According to the GPC and rheological data, simul-
taneous chain scission and extension occur during extrusion,
crucially leading to a convergence of molecular weights rather
than a broadening of the molecular weight distribution, particu-
larly in intermediate blend ratios. This observation is supported
by the nearly constant PDI across all blends, which indicates
that chain degradation and chain extension occur concurrently,
resulting in a stable molecular weight distribution. This conver-
gence is attributed to the fact that higher molecular weights tend
to degrade more easily, while lower molecular weights are more
prone to chain extension through polycondensation (in oxygen-
poor regions). Although this study focuses on a fixed set of extru-
sion parameters, it is important to note that the kinetics of these
competing reactions are affected by processing temperature and
residence time. Therefore, investigating the effects of process pa-
rameters such as temperature, screw speed and throughput is a
relevant and attractive future research, in order to gain a compre-
hensive and robust understanding of the dynamics of degradation
and polycondensation. Thermal analysis shows a decrease in the
degree of crystallinity and melting temperatures with increas-
ing high molecular weight content, likely due to reduced chain
mobility and hindered crystallization kinetics. Mechanical tests
reveal that a moderate addition of high molecular weight PET
(>20wt.%) significantly increases tensile strength and elongation
at break without affecting modulus, suggesting a threshold for
entanglement-driven reinforcement.

These findings confirm that tailored blending strategies can
compensate for molecular degradation in recycled PET without
additives up to a certain point. In addition to blending strate-
gies, post-consumer PET with reduced molecular weight can be
further enhanced through solid-state polycondensation (SSP)
or reactive extrusion with chain extenders, both of which are
established methods to increase molecular weight and restore
material performance. Furthermore, the customized rheolog-
ical behavior achieved through blending expands the range of
processing possibilities. The stability of molecular weight dis-
tribution, resulting from the interplay of degradation and chain
extension, ensures consistent material properties, which is a key
advantage for high-value applications.
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