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omplex microstructure of LDPE to
its rheology and processing properties via
a combined fractionation and modelling approach

Kristina Maria Zentel, ac Paul Severin Eselem Bungu, b Jonas Degenkolb,c

Harald Pasch *b and Markus Busch *c

Well-defined mini-plant low density polyethylene samples were fractionated preparatively according to

their crystallizability via preparative temperature rising elution fractionation and according to molecular

weight via preparative solvent gradient fractionation (pSGF). Rheology of the fractions was measured in

both the small amplitude oscillatory shear (SAOS) and the non-linear extension regimes. The linear and

non-linear rheology of the pTREF fractions were dominated by molecular weight effects, while the

impact of the higher degree of long chain branching for the pSGF fractions with higher molecular

weights was observed in van Gurp–Palmen plots and in strain hardening behavior in the extensional

rheology measurements. Additionally, the experimental fractionation process was mimicked via

modelling. The branching topologies of the bulk samples were obtained by coupled kinetic and Monte

Carlo calculations. These topologies were fractionated computationally and the result were used to

predict the rheological behavior of the individual fractions by applying the BoB algorithm with no

parameter adjustment. The experimental observed trends were predicted by the model and the overall

agreement was acceptable. This study demonstrates, that polymer fractionation is possible on

a preparative scale and allows for the polymer flow properties characterization of the individual fractions,

a method that is highly relevant during processing. Moreover, the fractionation process is followed and

understood from the modelling point of view.
Introduction

Polyethylene (PE) is a polymeric material of high industrial
relevance mainly due to its extremely broad eld of applica-
tions.1 Although PE is chemically simple, its microstructure is
very complex, especially with respect to short- and long-chain
branching (SCB and LCB, respectively).2 While HDPE (high
density PE) consists of mainly linear macromolecules, LLDPE
(linear low density PE) exhibits SCB and LDPE (low density PE)
shows the most extraordinary structure with both SCB and LCB.
SCB in LLDPE stems from the copolymerization of ethylene with
higher a-olens while branches in LDPE are formed during the
free radical polymerization process via intra- and intermolec-
ular transfer to polymer backbone chains and subsequent chain
growth. Thus, these branches are produced randomly and vary
strongly in number and length. The different microstructural
nical and Macromolecular Chemistry,
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23
diverse products dene the nal product properties, such as
density, crystallinity, solubility and viscosity.3 Analytical
methods such as size exclusion chromatography (SEC), nuclear
magnetic resonance (NMR) or crystallization-based methods
facilitate the detailed characterization of these materials,
especially the quantication of molecular weight and SCB
density.4–8

In addition, LCB in LDPE inuences the processing behavior
signicantly, especially the extensional behavior, and are thus
investigated by rheology.8–14 For instance, the hydrodynamic
radius of a LCB polymer is signicantly smaller compared to its
linear counterpart of the same molecular weight.7 On the other
hand, linear macromolecules can rearrange and relax stress via
reptation, whereas branched molecules relax hierarchically
from the outside segments inwards via different relaxation
mechanisms.15–17 The linear viscoelastic regime of polymers is
usually characterized by frequency sweeps in small amplitude
oscillatory shear (SAOS) measurements, and is strongly domi-
nated by molecular weight and polydispersity. However, a van
Gurp–Palmen plot, which gives the phase angle versus the
absolute value of the complex modulus jG*j, can be used to
characterize both LCB and the effect of polydispersity from
SAOS measurements.18–20
© 2021 The Author(s). Published by the Royal Society of Chemistry
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When looking at the non-linear regime in rheology, LCB
show a more signicant impact on ow behavior.12–14,20,21 It
could be demonstrated, that large amplitude oscillatory shear
(LAOS) measurements in combination with Fourier transform
rheology is sensitive to long-chain branching in polyolens.11–14

In addition, LCB increases the network connectivity in polymer
melts and thus reduces the rate of disentanglement when
external stress is applied. In this case, the so-called strain
hardening is observed: a strong increase in elongation viscosity
with time.10 This effect can be measured via extensional
rheology22 and is more pronounced for polymers with a higher
degree of branching and longer branch length.23 With regard to
processing, strain hardening is regarded as benecial in the
context of lm blowing, blow molding, foaming or ber
spinning.24

In addition to sensitive measurements, polymer properties
and rheological responses can be predicted theoretically by
various models.25 Non-linear responses can be simulated using
nonlinear constitutive equations such as the Giesekus model,26

the Pom–Pom model23,27 or the molecular stress function
theory.28 However, rheological parameters used for modelling
oen have to be determined by tting to experimental data.

Typically, a LDPE sample that exhibits a broad molecular
weight distribution and displays a high degree of LCB can be
regarded as a blend of molecules that strongly vary in length,
number of branches and consequently would exhibit a very
broad distribution of relaxation times. This makes it very
challenging to understand the direct effect of all the micro-
structural parameters affecting the melt ow behavior. In order
to enhance this understanding, models that combine the
polymeric architecture and rheological behavior, such as the
Pom–Pommodel,27 have been proven to be very benecial. Most
recently it was shown that coupling kinetic, stochastic and
rheological modelling is an approach capable of predicting
LDPE ow behavior based on the reaction conditions applied
during polymerization.29,44 This approach was validated on a set
of mini-plant LDPE samples, of which two samples were frac-
tionated preparatively in a previous study.30 The advantage of
this preparative fractionation approach is that a highly hetero-
geneous and complex material can be separated into fractions
with narrow molecular properties such as molecular weight and
branching/crystallinity.4,6,31

For the purpose of this study, well-dened LDPE samples
from a high-pressure mini-plant set-up are investigated, which
were specically fractionated and subsequently characterized
comprehensively. Two preparative fractionation techniques
were applied: temperature rising elution fractionation (pTREF)
and preparative solvent gradient fractionation (pSGF). pTREF
fractionates macromolecules predominately according to their
crystallizability on nucleating supports, which is denedmainly
by branches. On the other hand, pSGF provides fractions with
similar SCB density but varying molecular weight.30 Those
techniques were developed and widely used, when the deter-
mination of the molecular weight distribution via size exclusion
chromatography was not yet established as the standard
method.32,33 To the knowledge of the authors such fractions
have rarely been subject to rheological investigations34,35 and
© 2021 The Author(s). Published by the Royal Society of Chemistry
were never coupled to a corresponding modelling approach,
although their careful investigation in the linear and non-linear
ow should provide interesting insights into the ow behavior
of complex LDPEs.

Moreover, the three-step modelling approach used with the
bulk samples provides an ensemble of detailed polymeric
microstructures. This includes exact chain lengths and
branching distributions (frequency and length). The structures
or topologies are produced stochastically and are based on the
kinetic network of the LDPE polymerization. These micro-
structural parameters were used to follow the fractionation
process computationally, to check the robustness and validity of
the method. This is interesting from an academic point of view
as the contribution of the individual fractions to the bulk ow
behavior are determined. At the same time it is industrially
relevant as it enhances the understanding of how branched
LDPE materials are formed in the reactor during the polymer-
ization process and how this affects processing and product
properties. This nally enables simulation-based product
design, which is highly time- and cost-efficient compared to
trial-and-error approaches on an experimental basis.
Materials and analytical methods

In order to understand the complex interplay of LDPE micro-
structure and ow properties of long-chain branched materials,
two LDPE samples (code 04-2 and 03-4) and their respective
fractions were chosen for a detailed examination. The bulk
samples were produced in a continuously operated mini-plant
scaled 100 mL autoclave reactor under well-dened steady-
state conditions at 2000 bar and 250 �C. The detailed experi-
mental conditions can be found in literature.29 The samples
were characterized with respect to their molecular weight
distributions, branching densities and crystallizabilities, which
was described in a previous study.30 In order to gain detailed
insight into the complex microstructure, the samples were
fractionated preparatively. One sample (04-2) was fractionated
via pTREF, and the other sample (03-4) was fractionated by
means of pSGF. The fractionation processes were repeated in
order to gain sufficient material (2.5 g) for rheological investi-
gations of the individual fractions.
Rheological characterization

The PE samples were stabilized with 500 ppm Irganox 1010 and
1000 ppm Irgafos 168 and then hot-pressed at 200 �C and 200
bar into discs (for frequency sweeps) or strips of 1 mm thickness
(for extension rheology). The rheological measurements were
performed on Physica MCR 300 Anton Paar rheometers under
a nitrogen atmosphere and repetitive measurements gave
identical results. Oscillatory frequency sweeps were made using
a 25 mm parallel plate geometry with a sample thickness of
1 mm in the linear range of deformation (5% strain).
Measurements were performed at 150 �C, 170 �C and 190 �C and
a master curve was obtained via time–temperature superposi-
tion at 150 �C. Extensional rheology was measured with the
stretching device SER (Sentmanat Elongational Rheology). Aer
RSC Adv., 2021, 11, 33114–33123 | 33115
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clamping the sample onto the cylinders, they were tempered at
150 �C. Elongational rheology was measured at Hencky strain
rates 3 ̇ from 0.05 s�1 to 10 s�1.
Modelling strategy

In order to predict the ow behavior of the LDPE samples and
their fractions, the modelling strategy depicted in Fig. 1 was
used. The rheology of long-chain branched materials such as
LDPE is determined by both its molecular weight distribution
(MWD) and the branching. The effect of branching is particu-
larly complex, as the number of branches, the branch length
and the branch type (between the two extremes of star and
comb) have an effect on stress relaxation and thus ow
behavior. For this reason, it is essential to know the MWD and
the detailed branching structure of the material in question.

The biggest advantage of this study and approach is that
a representative set of topologies of individual microstructures
is available for the bulk samples. It was determined by a hybrid
stochastic Monte Carlo approach in a previous study29 and
consists of ve million molecules. The ensemble was modelled
by a method,37 which is only based on process conditions and
the kinetics of the systems so that no assumptions about
structure, branching density, distribution or length etc. were
made. Moreover, the agreement betweenmodel and experiment
was checked extensively by means of comprehensive
analytics,29,30 which indicated the modelling approach used to
model the individual branching structures are valid and gave
representative topologies. These structures are stored in
topology arrays. Due to the exible data structure of the BoB
algorithm, the individual microstructures generated by the
Monte Carlo algorithm can be used as the basis to calculate the
full rheological response of randomly branched LDPE.
However, they have to be converted with respect to topology
Fig. 1 Schematic depiction of the modelling strategy: branching structu
non-linear rheology simulations via the BoB algorithm.36

33116 | RSC Adv., 2021, 11, 33114–33123
structure and sample (reduced in number) to serve as an input
for the BoB algorithm in the rst step.36 Therefore, the algo-
rithm SampleBoB29 restructures the topology arrays and reduces
the number of molecules per bin on a logarithmic molar mass
axis to a maximum per bin and then weights them with respect
to their contribution to the MWD. For the bulk samples, the
original MWD from the Monte Carlo simulation is used for
rescaling, while for the fractions the experimental determined
MWDs via SEC (size exclusion chromatography) are used. This
procedure is demonstrated for the pSGF fractions in Fig. 2(a).
The MWD of the Monte Carlo ensemble from the bulk material
is shown (black dots) together with the MWD of the fractions
(lines 1–5), which were measured by SEC with an online
viscometer (SEC-Visco). The topologies of the Monte Carlo
ensemble were then sampled following these experimentally
determined MWDs by SampleBoB so that ve separate ensem-
bles were obtained. The good agreement between the sampled
MWDs (dots) and the experimental ones (lines) is demonstrated
in Fig. 2(b).

With this approach, SampleBoB was developed as an effec-
tive interface between the Monte Carlo simulation and the BoB
algorithm: the topology ensemble is reduced to a manageable
and suitable size for the BoB algorithm (50 000 to 100 000
macromolecules), while the highest possible amount of
branching and topology information is maintained, especially
in the high molecular weight area.

The actual rheology is modelled in the next step by the BoB
algorithm of Das et al..17,38 This algorithm is capable of
modelling the ow behavior of branched polymers in the linear
viscoelastic regime as well as in non-linear shear and extension
if detailed information about the branching structure of the
macromolecules to be modelled is available. The rheology
modelling itself is also divided into two steps: rstly, the
relaxation of branched molecules in the linear viscoelastic
res are taken from Monte Carlo models and used to perform linear and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Molecular weight distributions of fractions from sample 03-4 as determined by SEC (lines) and an ensemble of the respective
macromolecular topologies as calculated by a hybrid stochastic Monte Carlomodel (dots). (b) Experimental molecular weight distributions of the
fractions (lines) and ensembles of the respective fractions as selected randomly from the bulk ensemble based on the experimental MWDs by
SampleBoB.

Table 1 Summary of input parameters for rheology modelling via BoB
for LDPE

Monomer molar mass MM/g mol�1 28
Density r/g cm�3 0.93
Entanglement time se/s 5.8 � 10�8

Monomers per entanglement Ne 57

Table 2 Summary of the physical properties of the bulk LDPE resin
and the fractions as were obtained by pTREF collected at temperatures
of 70 �C, 75 �C, 80 �C and 85 �C

Material Bulk 70 75 80 85

Yield/% — 24.5 33.3 32.7 8.0
Yield/g — 5.95 8.06 7.93 1.93
Mn/kg mol�1 18.5 7.2 33.6 32.1 29.9
Mw/kg mol�1 113.5 50.7 147.1 124.7 125.5
Đ 6.1 7.1 4.4 3.9 4.2
SCB/1000C 19.4 19.7 16.6 14.4 14.8
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regime is followed. From a theoretical point of view branched
polymers are assumed to relax from the outside inwards, which
is known as hierarchical relaxation and is schematically depic-
ted in Fig. 1(b). While the terminal arms relax rst via contour-
length uctuation, the branch points can only relax by so-called
branch point hopping along the backbone path, when the cor-
responding arms have relaxed. As soon as only a linear segment
is le, it can relax via reptation and nally, the central segment
escapes its conning tube (reptation theory). Aer successful
modelling of the linear viscoelastic regime, the non-linear ow
is modelled. In this work, the Pom–Pom model developed by
McLeish and Larson27 will be applied, which is based on an
idealized Pom–Pom molecule as depicted in Fig. 1(c). The
backbone segment indicated in blue has two branch points with
p arms on each side. In non-linear ow, the polymer chains and
their respective tubes experience a strong orientation as well as
a stretch in the direction of ow, which leads to extension
hardening (extensional stress exceeds value predicted by linear
rheology). Each chain has a maximum stretch, which is reached
when the chain tension along the backbone is balanced by the
summed chain tensions within the available arms. At this point,
the number of arms p gets important again: p is also known as
the so-called priority and marks the maximum stretch the
backbone can endure before the branch points are pulled inside
the backbone tube (branch point withdrawal). This sets the
limit of extension hardening in branched polymer melts,
a signicant value when evaluating extensional rheology
measurements. More details about the numerical prediction of
branched polymer rheology and the BoB algorithm can be
found in literature.15,17,36,38

The only input the BoB algorithm requires besides the
topology are four parameters, which describe the chemical
nature of the modelled polymer. Those are; the monomer
molecular weight (MM), the polymer density (r), the entangle-
ment time (se) as well as the number of monomer per entan-
glement (Ne). The latter two values were taken from
a publication by Read et al.16 and were successfully used to
© 2021 The Author(s). Published by the Royal Society of Chemistry
model a series of industrial LDPE samples. The summarized
input parameters are given in Table 1.

Results and discussion

As follows, the experimental and modelling results regarding
the linear and non-linear rheology of the LDPE preparative
fractions are presented and discussed. Table 2 summarizes the
physical properties of the bulk sample and its TREF fractions.
The yield in g of each fraction shown in Table 2 is sufficiently
high to enable frequency sweeps and some extensional rheology
measurements. Back in the 1960s, when SEC was not yet
established as a standard technique for the determination of
molecular weight distributions, preparative fractionation tech-
niques were used more frequently.32,33 In this context successful
attempts were made to fractionate several hundred grams of
RSC Adv., 2021, 11, 33114–33123 | 33117
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Table 3 Summary of physical properties of the bulk LDPE as well as
the fractions obtained by pSGF

Material Bulk 1 2 3 4 5

Yield/% — 12.9 8.5 8.7 24.8 37.9
Yield/g — 3.50 2.33 2.36 6.76 10.31
Mn/kg mol�1 27.2 5.2 9.6 29.0 61.3 153.9
Mw/kg mol�1 318.2 12.8 22.2 49.1 143.8 649.0
Đ 11.7 2.5 2.3 1.7 2.4 4.2
SCB/1000C 18.4 15.8 14.6 14.3 14.8 16.8
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polymer at once.34,35,39 However, the set-ups and procedures
used within this work were designed to give sufficient material
for analytical characterization without excessive solvent or
support use.4,30,31 In order to maintain those validated and
reliable conditions, repetition was preferred over scale-up for
the present study.

In a similar way, the yield by mass and the molecular prop-
erties of the pSGF fractions are given in Table 3. Quantitatively,
each fraction was sufficient to enable all the rheology
measurements. As mentioned earlier, fractionation by TREF
yields narrowly branched fractions with varying crystallizability,
which is synonymous with a varying degree of branching. On
the other hand, fractionation by SGF provides fractions with
systematically different molecular weights and relatively narrow
polydispersities. More details on the analytics and interpreta-
tion of the individual fractions are given in a previous study.30

In order to model the rheology of the fractions, it was para-
mount to understand which of the three detectors connected to
SEC is most capable of mimicking the fractionation process
computationally. In our case, the three detectors used to
measure the MWDs include IR, Visco and MALLS.
Fig. 3 Experimental storage and loss moduli (dots) are compared to
simulations by BoB, which are based onmolecular weight distributions
measured by different detectors: IR, Visco and MALLS. The best
agreement between experimental values and the model is found for
the Visco detector results.

33118 | RSC Adv., 2021, 11, 33114–33123
In principle, all three detectors could act as comparative to
sample the Monte Carlo ensembles of microstructures via
SampleBoB. This was done for a representative sample and the
respective results of the linear rheology modelling (lines) are
given along with the experimental results (dots) in Fig. 3. From
a theoretical point of view, the Visco detector works via ow
behavior and is best for the complete MW range. To proof this,
rheology modelling as described in section Modelling strategy
was performed with SEC results from the three detectors. It can
be seen that the predicted storage modulus G0 and loss modulus
G00 (yellow) are signicantly overestimated for the MALLS-MWD.
The highest sensitivity of static light scattering is obtained with
large molecules, which scatter light strongly and thus lie in the
high MW area of a polymer. Consequently, MALLS results tend
to overestimate the high molecular weight fractions and the
predicted rheology shows a more solid-like behavior. The IR
detector, on the contrary, predicts lower storage and loss
moduli (black), which are characterized by a more liquid-like
behavior. This can be explained by the fact that the IR
detector is concentration-sensitive and thus the high concen-
tration in the low-molecular weight range is emphasized. The
Visco detector determines MWD based on the ow behavior of
the polymer solution. Thus, it is the measuring principle most
closely related to rheology. More precisely, it determines the
intrinsic viscosity of the polymer solution using a pressure drop
measurement. Thus, it gives the most reliable results for the
complete molecular weight range and the experimentally
determined storage and loss moduli (blue) are in good agree-
ment with the modelling results. Consequently, the molecular
weight distributions as determined by the Visco detector were
used to fractionate all the microstructure ensembles and model
the rheology.

Linear rheology measurements of the four TREF fractions
are given in Fig. 4 (dots). The ow behaviors of the 75, 80 and
85 �C fractions are very similar, while the storage and loss
Fig. 4 Experimental (dots) and simulated (lines) storage and loss
moduli of TREF fractions. Excellent agreement between experiments
and simulations is found for all fractions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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moduli of the 70 �C fraction are distinctly reduced. This indi-
cates lower viscosity and a more liquid-like behavior. These
observations can be understood when the separation principle
of TREF is taken into account.

Crystallinity correlates well with the irregularity in the
microstructure, such as short-chain branching, but also the
number of chain ends (EOC, end of chains) as well as long-chain
branching. If Table 2 is considered, the average molecular
weights and consequently the EOC of the 75, 80 and 85 �C
fractions are very similar and the SCB densities lie in a similar
range from 13.6 to 16.6/1000C atoms. However, SCBs are too
short to affect ow behavior of polymers as they fall far below
the entanglement length of 57 with an average length of two
(butyl branches). The ow behavior of the 75, 80 and 85 �C
fractions shows that the measured storage and loss moduli are
similar. The moduli decrease slightly with increasing fraction-
ation temperature from 75 to 85 �C, which can be nicely
correlated to slightly decreasing average molecular weights and
molecular weight distributions from fractions 75 to 85 �C.
However, fraction 70 has a signicantly lower molecular weight,
which results in a strongly increased number of EOC. The
chains are shorter, relax faster and thus, the measured storage
and loss moduli are lower. This is the rst time that the rheo-
logical behavior of TREF fractions was systematically studied.
The results give further proof that the separation principle is
predominantly based on crystallinity, as these effects would not
strongly affect the melt ow behavior of LDPE. The predicted
rheological behavior (lines) follows the same trends as the
measured values (dots and squares) of all the fractions and the
overall agreement between the data is extremely good. This
indicates that the applied modelling approach of fractionating
the Monte Carlo ensemble of polymeric microstructures is valid
and does indeed give a good representation of the existing
microstructures in complex LDPE materials.

Frequency sweeps of the SGF fractions 1 to 5 are given in
Fig. 5. The dots and squares represent the experimental results,
Fig. 5 Experimental (dots) and simulated (lines) storage and loss
moduli of SGF fractions. The experimentally observed trends are
predicted correctly by the model.

© 2021 The Author(s). Published by the Royal Society of Chemistry
while the line plots are indicating the modelling results. When
comparing the measured moduli, one realizes that the indi-
vidual fractions are very diverse with respect to ow behavior:
storage and loss moduli vary over three orders of magnitude
and the crossover point varies over more than ve orders of
magnitude. This is a powerful representation of the strong
diversity and complexity of a highly heterogeneous, randomly
branched LDPE material. Fractions 1 and 2 that demonstrated
the lowest molecular weight, also exhibit the lowest moduli and
the highest crossover point. This is in line with the expectation
that low molecular weight polymers behave very liquid-like and
have short relaxation times due to short chains and low long-
chain branching. Although the experimentally observed trend
is also captured by the model, these two fractions are least well
described by the model. On the one hand, experimental
measurement of the moduli was challenging especially for
fraction 1 due to very low sample viscosity. On the other hand
from the modelling point of view, the mathematical fraction-
ation process might not reect the physical one due to non-
idealities or synergetic effects, such as a hypothetical co-
elution of differently branched big and small molecules
during elution.30,40 This would lead to microstructures, which
might not have represented the present material sufficiently
precisely.

With increasing fraction number from 3 to 5, the material
(rheological behavior) gets more viscous and solid-like. This can
be attributed correctly to the systematic increase of molecular
weight. While fractions 3 and 4 are still typical for high
molecular weight polymers, fraction 5 does not show a cross-
over point indicating that a network is developing. The very slow
relaxation times observed can be attributed to both the very
high molecular weight and strong long-chain branching. For
fractions 3 to 5, the model is capable of predicting the experi-
mental results very well, indicating that the used theoretical
microstructures adequately represented the material.

The storage and loss moduli, which were studied as a func-
tion of frequency are strongly dominated by the molecular
weight of the material. However, LDPE ow behavior also
depends strongly on LCB. In order to assess the effect of LCB,
the experimental and modelling data in Fig. 4 and 5 were used
to construct van Gurp–Palmen plots, which largely exclude
molecular weight effects.18,21,41 In a van Gurp–Palmen plot the
phase angle is plotted versus the complex modulus jG*j. A
decrease of the phase angle can be attributed to an increasing
level of LCB, while the shape changes depending on the LCB
level.12,20,21,41 The plots which are given in Fig. 6(a) for the TREF
fractions and in Fig. 6(b) for the SGF fractions provide infor-
mation on phase angle versus absolute values of complex shear
modulus. The plateau modulus is not reached for the samples
due to crystallization.21 van Gurp–Palmen plots of the 75, 80 and
85 �C fractions are very similar and also in very good agreement
withmodelling results, indicating very similar molecular weight
dispersities as well as LCB frequencies and distributions. The
70 �C fraction exhibits increased loss angles, which cannot be
explained by a reduced dispersity (Đ ¼ 7.1) and thus corre-
sponds to a reduced long-chain branching frequency typical of
the lower molecular weight components.
RSC Adv., 2021, 11, 33114–33123 | 33119
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Fig. 6 (a) van Gurp–Palmen plots of the four TREF fractions as determined by plate–plate rheometry (dots) and as predicted by the BoB model
(lines) are given. Similarly, branchedmaterials are found for the fractions and the agreements betweenmodel and experiments are very good. (b)
van Gurp–Palmen plots of the five SGF fractions as determined by plate–plate rheometry (dots) and as predicted by the BoB model (lines) are
shown. With increasing fraction number/molecular weight the branching level increases strongly. This is depicted by both model and experi-
ments except for fraction 1.

Fig. 7 Extensional rheology of SGF fraction 4 was measured (dots) in
an extensional rheometer and is compared to the results predicted by
the Pom–Pom model (lines). Onset and slope of the strain hardening
behavior are predicted very satisfactorily by the model. However,
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van Gurp–Palmen plots of the SGF fractions give a more
diverse picture: except for fraction 1, the experimental and
modelled results are in good agreement and follow a systematic
trend. For the reasons discussed above regarding fraction 1, this
fraction will not be considered further for evaluation. In the
case of fraction 2 to 5, the observed loss angle is signicantly
reduced with increasing fraction number. Since molecular
weight effects are excluded with this plotting technique, the
observed shi in loss angle can be attributed to changes from
a linear polymeric material to a strongly long-chain branched
material. This result is in line with the experimental expectations
that an increase in molecular weight corresponds well with an
increase in the fractionation number and automatically gives
material with a higher LCB frequency. This observation can be
ascribed to the nature of the free radical polymerization mecha-
nism. Trinkle et al. observed similar trends, when studying van
Gurp–Palmen plots of blends of LCB–metallocene PE and linear
PE, with systematically varying LCB to linear contents.19

In our study, it was shown that the strong differences in the
rheology behavior are due to differences in the LCB densities
and were observed within fractions of a single polymer material.
The plots have further demonstrated that an increasing level of
LCB observed from fraction 2 to 5 is better observed rheologically
as compared to light scatteringmeasurements30 and underline the
high sensitivity of rheology towards long-chain branching.

Finally, the fractions were characterized for their rheological
behavior in non-linear extensional ow by extensional rheom-
etry. Due to their extremely low molecular weight and conse-
quently very low viscosity, fractions 1 and 2 were excluded from
the Physica MCR Anton Paar rheometer measurements. As
presented in Fig. 7, the extensional rheology of SGF fraction 4
was measured (dots) at 6 different strain rates (0.05 s�1, 0.1 s�1,
0.5 s�1, 1 s�1, 5 s�1 and 10 s�1). Added to this, the extensional
owwas alsomodelled by the BoB algorithm shown in lines. For
all the strain rates applied, strain hardening behavior was
observed. The model is capable of describing the level of
33120 | RSC Adv., 2021, 11, 33114–33123
viscosity and the onset and slope of strain hardening and were
predicted satisfactorily, even though the achieved absolute level of
strain hardening is overestimated for high strain rates. An adjust-
ment of modelled strain hardening to the experimental results
could be done by rheology. However, trends can already be observed
with the current model and like any adjustment to measured data
the predictive power of the model might be reduced.

In order to quantify the strain hardening of the fractions,
time-dependent strain hardening coefficients c were calculated
for both the measured and the modelled extensional viscosities
according to eqn (1).10

cðt; �
3Þ ¼ he

þðt; �
3Þ

3h0
s ðtÞ

(1)
absolute strain hardening is overestimated for high strain rates.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Experimental (dashed lines) and predicted (lines) strain hardening coefficients were determined for the TREF fractions at stain s ¼ 2 (left)
and SGF fractions at stain s ¼ 1.65 (right) in order to quantify strain hardening behavior. Trends observed experimentally are similar to the
predicted behavior, which justifies the applied modelling approach.
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Here he
+(t, 3 ̇) is the transient elongation viscosity at time t and

strain rate 3 ̇ and h0s(t) is the shear viscosity in the linear range of
deformation. The strain hardening coefficient c was used in
literature to evaluate and compare the elongational behavior of
different LDPE samples.10 Experimental (dashed lines) and
predicted (lines) strain hardening coefficients of all fractions
are given in Fig. 8.

The predicted strain hardening coefficients for the 75, 80
and 85 �C TREF fractions fall close together indicating simi-
larity in the LCB density and topology. The strain hardening
coefficients of fraction 70 is lower due to reduced molecular
weight and subsequently a reduced level of LCB. Experimental
strain hardening coefficients are in the same order of magni-
tude as the predicted ones, which corresponds to a proof of
concept. However, they do scatter strongly, so that a detailed
interpretation is not possible.

Strain hardening coefficients of the SGF fractions are pre-
sented in Fig. 8(b). The measured data scatter, which might be
due to the fractionation process and/or the accuracy of exten-
sional rheology. The strain hardening shows a signicant
increase with increasing fraction number and thus also with
increased long-chain branching. Interestingly, this is seen in
both the modelled and the measured results, which indicates
that the microstructural prediction via the modelling approach
yields LCB frequencies and distributions that are representing
the actual material.

Within this exploratory work, the feasibility of connecting
preparative fractionation with rheology on both the experi-
mental and modelling side could be demonstrated. The
preparative fractionation30 as well as the applied modelling
approach29 for predicting polymer rheology of long-chain
branched polymers based on polymerization reactions could
be expanded to this system and they are valid and robust.

This opens new possibilities for several open questions: (1)
by coupling preparative fractionation to a modelling approach
for the determination of individual polymer microstructures,
the underlying mechanism can now be studied more carefully.
The contribution of individual errors to the observed discrep-
ancies can be addressed – both from the modelling and the
experimental part. Moreover, non-ideal elution effects, such as
co-elution,30,40 could be investigated. (2) As mentioned earlier,
© 2021 The Author(s). Published by the Royal Society of Chemistry
scaling up the fractionation process is a challenging task,
especially when considering solvent and support amounts.
However, scaling up polymer fractionation – especially for the
highly industrially relevant polyolens – is an exciting task in
the context of circular economy and polymer fractionation. If
polymers, such as PE, are mechanically recycled, various grades
from industry are mixed,42 which were originally tailored with
respect to molecular, branching and possibly comonomers to
reach desired product properties. Fractionation according to
molecular weight and/or chemical composition is possible,
even it is not always efficient.43 But selective separation of waste
fractions with negative properties could potentially help yield
recycled material of higher quality and thus improve recycling
of PE and advance the circular economy.
Conclusion and summary

In this study, the rheological properties of individual LDPE
fractions received from well-dened lab-scale mini-plant
samples were investigated from an experimental and a model-
ling point of view. Fractions of varying crystallizabilities/
branching and varying molecular weights were obtained by
pTREF and pSGF, respectively. The fractionation scale was high
enough to allow rheology measurements of the individual
fractions, which is highly relevant for processing.

The coupled sampling and rheology modelling approach
couldmimic TREF as well as SGF processes and predict both the
linear and non-linear rheological behavior of the fractions. The
beauty of this approach is that the experimentally determined
rheology of polymer fractions could be compared to modelling
results, which are based on an ensemble of individual poly-
meric microstructures constructed via a kinetically based
Monte Carlo simulation without assumptions regarding
branching structure or density or parameter adjustments. All
trends were predicted correctly by the model and the overall
agreement of simulated and experimental results is good, which
validates the applied approach and demonstrates its robust-
ness. The linear and non-linear rheology investigations of the
pTREF fractions were dominated by molecular weight effects
and revealed a similar LCB topology for all fractions, demon-
strating the high selectivity of pTREF towards SCBs. pSGF, on
RSC Adv., 2021, 11, 33114–33123 | 33121
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the other hand, provided fractions with strongly increasing
molecular weight, which was visible in the frequency sweeps.
The effect of molecular weight was suppressed by conducting
van Gurp–Palmen plots and non-linear extensional rheology
experiments to lay emphasis on the effect of long-chain
branching. A strong increase in long-chain branching was
observed with increasing fraction number, which is synony-
mous to increasingmolecular weight. This effect is not based on
the fractionation technique, but rather a result of the free
radical polymerization mechanism: under supercritical condi-
tions, LCBs are formed via the transfer of primary radicals to
dead polymer and subsequently monomer addition to the
formed secondary radicals site. The probability of a transfer to
a polymer reaction hence increases with increasing chain
length, so that higher molecular weight materials/fractions are
expected to exhibit higher levels of LCB. These observations
were made both experimentally and through modelling.

The studies are proof of concept that the applied modular
modelling approach to predict polymer rheology based on
polymerization kinetics and reaction conditions coupled to
hybrid stochastic modelling of the polymeric microstructure is
valid in all its three steps. The theoretical results and their
experimental validation demonstrated that the structure
formation during polymerization and the effect of structure
(branching) on ow behavior is correctly described – physically
and chemically. So, the fractionation process could be followed
from a modelling point of view and the contributions of the
individual fractions to the ow behavior of the bulk sample
could be determined, which is highly challenging but equally
valuable for the highly heterogeneous LDPEmaterial. It helps to
understand, how various microstructures shape LDPE ow
behavior and thus directly determine processing properties. In
the future, this will enable targeted simulation-based product
design for enhanced processing properties.

In further investigations, the contribution of individual
errors to the observed discrepancies between experiments and
model can be addressed, which will further improve the
understanding of the underlying physics as well as enable
further development of predictive models. Non-ideal behavior
observed during fractionation, such as the so-called co-elution
effect, could also be tackled with the presented approach.
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