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ABSTRACT

Solvent-assisted recycling processes, such as the CreaSolv-technology, represent a critical pathway for closing the loop on
complex polyolefin waste streams. However, the optimization of unit operations, from dissolution to devolatilization, is fre-
quently impeded by the lack of constitutive models capable of describing the rheological behavior of recycled polymers across
the entire concentration regime. This study investigates the viscoelastic properties of low-density polyethylene (PE-LD), a
branched and multimodal polymer, dissolved in a specialty solvent specific to the recycling process. Systematic steady-shear
and oscillatory measurements were conducted to map the flow behavior from the dilute solution to the entangled melt (0 to
100m% polymer content). To bridge the gap between theoretical fidelity and industrial applicability, a semiempirical mod-
eling framework based on a combination of time-concentration superposition (TCS) and time-temperature superposition
(TTS) was developed. The derived model unifies the dependencies of temperature, shear rate, and diluent concentration, cap-
turing the transition from Newtonian plateaus to pronounced shear-thinning regions. Despite the complexity of the polymer-
diluent mixture, the model predicts the viscosity over nine decades with a mean relative error (MRE) of less than 12%. These
findings provide a robust, computation-efficient tool for the design and scale-up of solvent-assisted recycling equipment.

1 | Introduction the volatile species, a process that exhibits a strong reciprocal

correlation with the mixture's macroscopic viscosity [3]. In

Solvent-assisted recycling processes, particularly dissolution-
precipitation techniques, have emerged as a pivotal pathway
for recovering high-quality polyolefins from complex waste
streams where mechanical recycling reaches its limits [1, 2].
The efficiency of the associated unit operations, ranging from
dissolution and pumping to devolatilization, is intrinsically
governed by the rheological behavior of the polymer solution.
This dependency arises because viscosity correlates with vis-
cous dissipation, which directly dictates energy consumption
during transport, processing, and mixing, while devolatiliza-
tion rates are fundamentally limited by the mass transfer of

these processes, the viscosity varies drastically, transitioning
from the low-viscosity Newtonian plateau of the pure solvent
to the high-viscosity Newtonian plateau and subsequent pro-
nounced shear-thinning behavior of the pure polymer melt.
Consequently, the optimization of such industrial applications
requires robust constitutive models capable of describing the
non-Newtonian viscosity continuously across the entire con-
centration regime.

From a molecular perspective, the dynamics of entangled poly-
mer systems can be modeled by the tube model and reptation
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Highlights

« Systematic rheological characterization of PE-LD di-
luted with a specialty solvent from 0 to 100 m%.

« Validation of thermorheological and concentration-
rheological simplicity for highly branched polymer-
diluent mixtures.

« Development of a semiempirical multi-regime viscos-
ity model integrating Carreau-Yasuda, TTS, and TCS
principles.

» Accurate prediction of steady-shear viscosity over
nine decades with a mean relative error below 12%.

« Computationally efficient modeling framework to aid
the design and scale-up of solvent-assisted recycling
unit operations.

theory, where the polymer chain is confined within a virtual
tube defined by topological constraints [4]. The incorporation
of a diluent induces profound alterations in these dynamics,
primarily through two concurrent mechanisms: the dilution
of the entanglement network, effectively widening the tube,
and the reduction of the monomeric friction coefficient due to
increased fractional free volume [5]. While theoretical scal-
ing concepts for good solvents suggest that the zero-shear
viscosity follows a power law n, ~ c* (with a typically rang-
ing between 3.4 and 4.5 depending on the regime), accurately
describing the transition from semi-dilute to concentrated
regimes for polydisperse industrial polymers remains a chal-
lenge [6, 7].

To consolidate experimental data across these distinct regimes,
the classical time-temperature superposition (TTS) principle
is extended to include concentration effects, a methodology
known as time-concentration superposition (TCS) [8]. This ap-
proach postulates that viscoelastic spectra obtained at various
concentrations can be superimposed onto a master curve of the
reference melt via specific horizontal (a,) and vertical (b,) shift
factors.

The vertical shift factor, b,, quantifies the dilution of the
entanglement network density. Consistent with the binary
contact model, b, is generally found to scale with the square
of the polymer weight fraction at least for concentrated solu-
tions of polystyrene and other model polymers [9, 10] or
polyethylene with n-alkanes [11]. In contrast, the horizon-
tal shift factor a,, which describes the acceleration of relax-
ation times, is influenced by both the disentanglement and
the change in local friction. This dependence is successfully
modeled using free volume concepts, such as the generalized
Doolittle equation [12], or hybrid models that explicitly sepa-
rate hydrodynamic scaling from thermodynamic free volume
effects using equations of state (EOS) like Sanchez-Lacombe
[13, 14].

While these theoretical frameworks provide a rigorous basis for
linear model polymers, their application to PE-LD is nontrivial
due to the presence of long-chain branching (LCB). LCB in-
troduces thermorheological complexity, potentially disrupting
simple superposition principles due to the distinct temperature

sensitivities of backbone and branch relaxation processes
[15, 16]. Furthermore, industrial recycling requires predictive
tools that avoid the heavy computational burden of explicit EOS
parameters, which are often unavailable for complex postcon-
sumer waste streams.

This study addresses these challenges by applying a combined
TTS and TCS methodology to establish a semiempirical model
for a PE-LD/solvent system associated with the CreaSolv-
technology. The scientific novelty of this work lies in the vali-
dation of concentration-rheological simplicity for a non-model,
highly branched and multimodal polyolefin across the entire
concentration regime (0 to 100m%). From a practical perspec-
tive, by fitting the resulting master curves to a generalized
Carreau-Yasuda model, we provide a robust and computation-
ally efficient tool for the design and scale-up of solvent-assisted
recycling unit operations. This framework enables the predic-
tion of viscosity over nine decades, covering the drastic tran-
sitions from the dilute solvent to the entangled melt, which is
critical for optimizing operations such as pumping, filtration,
and devolatilization in circular economy processes.

2 | Experimental
2.1 | Materials

To systematically investigate the viscoelastic properties and
viscosity reduction in polymer-solvent systems, a representa-
tive commercial polymer and a specific process solvent were
selected.

The polymeric base material employed in this study was a
PE-LD grade Lupolen 1800H (LyondellBasell Industries NV,
Frankfurt, Germany) used for injection molding, blow mold-
ing, and film extrusion. This grade is characterized by a melt
flow rate (MFR) of 1.5g/10 min (measured at 190°C with a
load of 2.16 kg).

As the diluent, a commercial solvent formulation associated
with the CreaSolv-Process (CreaCycle GmbH, Grevenbroich,
Germany) was utilized (abbreviated as CS). This solvent was
specifically chosen due to its high compatibility with polyolefins
and its demonstrated effectiveness in significantly reducing the
viscosity of polyethylene melts, as detailed in previous investi-
gations [17].

2.2 | Rheometry

All rheological measurements were conducted using a mod-
ular compact rheometer (MCR 302, Anton Paar GmbH, Graz,
Austria). To accommodate the vast dynamic range of viscosity,
spanning from the highly entangled polymer melt to the low-
viscosity pure solvent, the experimental protocol was stratified
into four distinct configurations utilizing different geometries
and shear modes:

1. Pure polymer melt (OwWt% solvent): Small-amplitude oscil-
latory shear (SAOS) measurements were performed using
a parallel-plate geometry (PP25).
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(a) Parallel-plate (PP25)

(b) Concentric cylinder (CC27)

o L

(c) Double-gap (DG26.7)

FIGURE1 | Schematic representations of the rheological geometries: (a) parallel-plate (PP25,d = 25 mm), (b) concentric cylinder (CC27, diameter
of the measuring cup =27mm), and (c) double-gap (DG26.7, diameter of the measuring bob=26.7mm) for low-viscosity characterization.

2. Concentrated solutions (20-60wt% solvent): SAOS meas-
urements were conducted using a concentric cylinder
setup (CC27), as depicted on Figure 1a.

3. Semi-dilute solutions (70-90wt% solvent): Steady-
shear flow tests (SFT) were employed using the con-
centric cylinder (Couette) geometry (CC27), as the
low viscosity precluded accurate oscillatory testing
within the instrument's torque resolution, as depicted on
Figure 1b.

4. Pure solvent (100wt%): SFT measurements were carried
out using a double-gap geometry (DG26.7) to maximize the
shear surface area for high-precision low-viscosity deter-
mination, as depicted on Figure 1c.

Prior to the main characterization in the oscillatory re-
gime, amplitude sweeps were performed for all samples at
each test temperature to determine the linear viscoelastic
(LVE) limit. Based on these results, a constant strain am-
plitude within the linear range was selected for all subse-
quent dynamic tests to ensure a strain-independent material
response.

Generally, for non-Newtonian fluids in rotational rheom-
etry, the shear rate at the wall differs from the Newtonian
calculation, necessitating the Weissenberg-Rabinowitsch
correction. However, the employed geometry conforms to
the ISO 3219 standard, which stipulates a narrow gap ratio
of 6 <1.0847. Under this condition, the shear rate distribu-
tion across the gap is sufficiently linear, and the approxi-
mation error remains negligible. Consequently, the explicit
Weissenberg-Rabinowitsch correction was not applied for
this setup [18].

Furthermore, to validate the data and exclude artifacts arising
from wall slip, systematic tests were performed using a parallel-
plate configuration with varying gap heights, following the
method described by Yoshimura and Prud'homme [19]. The

results exhibited no dependence of the measured viscosity on
the gap setting, confirming that wall slip effects were negligible
for the investigated systems.

2.3 | Sample Preparation

To ensure reproducibility and a consistent thermomechanical
history, a standardized preparation protocol was established
for all samples. The mixtures were prepared within the cup of
the CC27 setup to avoid material loss during transfer. A con-
stant total sample mass of 18 g was maintained for each speci-
men. The preparation sequence involved first loading the solid
polymer granules into the cylinder, followed by the addition of
the specific mass of liquid solvent, both determined via gravi-
metric analysis.

Homogenization of the polymer-diluent system was carried
out directly at the target measurement temperature using a
custom-fabricated U-shaped stirrer. The mixing process was
continuously monitored via torque readings and continued
until a constant equilibrium torque was reached, indicating the
formation of a macroscopically homogeneous melt. To mini-
mize solvent loss due to volatility at elevated temperatures, a
solvent trap was utilized throughout the entire preparation and
testing procedure.

Upon verification of homogeneity via the torque signal and sup-
plementary manual mixing, the stirring element was removed.
To minimize thermal gradients and prevent local cooling of
the melt upon contact, the CC27 measuring cylinder was pre-
heated to the test temperature prior to insertion. Immediately
following insertion, the system was resealed with the solvent
trap to prevent evaporation during the subsequent rheological
measurements.

A schematic illustration of the sample preparation workflow is
provided in Figure 2.
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FIGURE2 | Schematic overview of the employed methodology: (a) Loading of polymer granules and liquid solvent into the CC27 cylindrical cup;

(b) homogenization of the mixture at the measurement temperature using a stirrer equipped with a solvent trap; (c) final setup with the measuring

bob inserted into the homogenized melt (illustration generated via ChatGPT).

3 | Modeling

To describe the complex rheological behavior of the PE-LD/dilu-
ent system across the entire concentration range, a semiempiri-
cal modeling approach based on the Carreau-Yasuda model was
extended. The primary objective was to capture the dependence
of steady-shear viscosity (1) on shear rate (y), temperature (T),
and polymer weight fraction (w,)).

3.1 | Shear Rate Dependence: The
Carreau-Yasuda Model

The experimental data exhibited a characteristic transition from
a Newtonian plateau at low shear rates to a shear-thinning re-
gime at higher deformation rates. To capture this behavior across
the entire range of shear rates, the Carreau-Yasuda model was
selected [20, 21]. This model is widely preferred over the simple
power-law model because it accurately describes the zero-shear
viscosity, the power-law shear-thinning regime, and especially
its transition [22, 23].

The dependence of the viscosity # on the shear rate y is given by
Equation (1):
n (7/) ™

Mo Moo

n-1
=1+ . €]
In this expression, 7, represents the (theoretical) zero-shear
viscosity, at low shear rates (y — 0). The parameter #,, denotes
the infinite-shear viscosity commonly assumed as OPas. The
characteristic relaxation time A determines the onset of shear-
thinning; its reciprocal value (1/4) marks the critical shear
rate at which the fluid transitions from Newtonian to non-
Newtonian behavior. The degree of shear-thinning is governed
by the power-law index n (where 0 < n < 1 for pseudoplastic flu-
ids). Furthermore, the introduction of the dimensionless Yasuda

parameter a allows for an adjustment of the curvature width
in the transition region between the Newtonian plateau and
the power-law zone [21]. This flexibility is particularly advan-
tageous for polydisperse materials like the PE-LD used in this
study, which typically exhibit a broader relaxation spectrum
compared to monodisperse polymers.

3.2 | Temperature Dependence: TTS

The variation of rheological properties with temperature is in-
trinsically linked to the mobility of the polymer chains and the
available free volume within the melt [8]. To account for these
thermal effects and to consolidate the experimental viscosity
and moduli data onto a single master curve, the TTS principle
was applied. While the Williams-Landel-Ferry (WLF) equation
is the standard approach for amorphous polymers in the vicinity
of their glass transition temperature (Tg) [24], the polyethylene
systems investigated in this study were processed at tempera-
tures ranging from 140°C to 180°C. Since this experimental
window is located far above the glass transition of PE (T>> T,
+ 100 K), the nonlinear dependency characteristic of the WLF
model becomes negligible.

Consequently, the temperature dependence of the temperature
shift factor a; is accurately described by the Arrhenius relation-
ship, which assumes a constant activation energy for flow over
the tested range [23, 25]. The shift factor relative to a reference
temperature T, is defined in Equation (2):

(B (1 1
ar(T) = exp r\T T, @

In this expression, R denotes the universal gas constant, while T
and T, represent the absolute measurement and reference tem-
peratures, respectively. The flow activation energy, E,, serves as
a material-specific parameter that quantifies the sensitivity of

4
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TABLE 1 | Optimized model parameters characterizing the Carreau-Yasuda fluid behavior, Arrhenius temperature dependence (TTS), and
concentration scaling (TCS) for the PE-LD/CS system at the reference temperature of 140°C.

Master curve (CY) TTS TCS
Sample n (Pas) A(s) n() a()  E,(U/mol) B Peaen )  Beiso ) Beonc ) Pan )
PE-LD/CS 44,695 14.3 0.476 0.598 49,288 9.30 9.01 8.41 1.99 2.68

the zero-shear viscosity to temperature variations [15]. By deter-
mining a; experimentally, E, was derived via linear regression
ofIn(ay)versus1/T.

3.3 | Concentration Dependence: TCS

To describe the concentration-dependent viscosity #(¢) or
n(wp) of polymer systems, the TCS principle is employed as
a fundamental constitutive framework. Analogous to the TTS
principle, TCS posits that variations in the polymer volume
fraction ¢ induce a self-similar shift of the viscoelastic spec-
trum without altering the underlying relaxation mechanisms,
provided the system remains within a consistent dynamic
regime, such as the entangled state [7, 26]. Following the
framework established by Schausberger and Ahrer, the global
shift in steady-shear viscosity upon dilution is analytically
decomposed into a vertical shift factor b,, representing the
concentration-dependent modulus, and a horizontal shift fac-
tor a,, associated with the characteristic relaxation times [12].

While this methodology is well-established for linear poly-
mers with a unimodal molecular weight distribution (MWD),
its application to postconsumer recyclate streams necessitates
the consideration of complex macromolecular architectures.
Mechanical recycling invariably yields heterogeneous mix-
tures of various polymer grades, often characterized by LCB
and broad, multimodal MWDs, which significantly alter the
rheological response. To validate the industrial utility of the
TCS paradigm for real-world recycling applications, this study
evaluates the methodology using PE-LD. As a heavily branched
polymer with a broad MWD, PE-LD serves as a representative
model for the complex fractions dominating postconsumer
flexible packaging waste [27].

The vertical shift factor b, quantifies the dilution of the entan-
glement network density. For concentrated polymer solutions
and melts, b, typically follows a power-law scaling, a depen-
dence theoretically substantiated and experimentally validated
for various systems, including polyolefins and polystyrene di-
luted with oligomeric solvents [9, 10, 28]. In highly entangled
systems, dynamic scaling arguments suggest a plateau mod-
ulus scaling of G3, ~ ¢*%, aligning with the “blob” model for
concentrated regimes in good solvents [26]. However, rheolog-
ical analysis utilizing the van Gurp-Palmen (vGP) plot (phase
angle § vs. absolute complex modulus | G* |) provides a robust,
model-independent criterion for evaluating the necessity of b,.
The vGP plot serves as a definitive indicator of concentration-
rheological simplicity. If the 6(]| G*| ) profiles of the diluted spe-
cies superimpose onto the reference curve of the neat polymer
without requiring a prior density or concentration correction,
the system is considered rheologically simple with respect to

dilution. Under such conditions, the vertical shift factor math-
ematically reduces to unity (b, = 1), implying that the intro-
duction of the solvent strictly accelerates the global relaxation
dynamics (a, < 1) while leaving the fundamental magnitude of
the dynamic moduli unaffected.

The horizontal shift factor a, represents the acceleration of seg-
mental relaxation processes upon dilution, primarily governed
by increases in the fractional free volume f,. Schausberger and
Ahrer modeled this dependence using a generalized Doolittle
equation, treating the free volume of the mixture as a linear
function of the additive concentration [12]. While thermody-
namic approaches utilizing EOS, such as the Sanchez-Lacombe
theory, offer high theoretical fidelity for predicting free volume
in systems involving supercritical fluids, their industrial appli-
cability is often computationally prohibitive or limited by un-
known interaction parameters [13, 14, 17, 29].

Recent advancements demonstrate that a, and b, can be ef-
fectively described by distinct power-law scalings (a, ~ ¢
b, ~ ¢f) capable of capturing critical regime transitions, such as
the crossover from the semi-dilute unentangled regime to the
fully entangled regime [7, 26]. To establish a robust diagnostic
model that remains independent of explicit thermodynamic pa-
rameters or precise MWD factors, data often unavailable for in-
dustrial recyclate streams, this study adopts a regime-dependent
empirical scaling approach.

Based on this framework, the concentration-dependent shift
factors are formulated as functions of the polymer weight frac-
tion w. The model accounts for the acceleration of relaxation
dynamics through a combined phenomenological approach.
The horizontal shift factor a, incorporates both power-law and
exponential contributions to capture free volume effects and dy-
namic scaling, while the vertical shift factor b, is defined by a
power-law dependence. To accurately represent the distinct rhe-
ological responses across different concentration intervals, the
scaling exponents are treated as regime-dependent parameters:

aC(Wp’T) =W§eXP('/3c(T)' (1_Wp)) 3

b, (Wp) = W; @

Here, the exponents a and f assume distinct values depending
on whether the system is situated within the semi-dilute or the
concentrated entangled regime. Crucially, the parameter f.(T)
represents a strictly temperature-dependent scaling exponent.
As validated by the global optimization (see Table 1), f.(T) ac-
counts for the varying efficiency of solvent-induced free volume
generation at different isotherms and remains entirely indepen-

dent of the polymer concentration w,.
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FIGURE 3 | Definition of the valid rheological measurement window for the undiluted polymer. (a) Superposition of complex and steady-shear
viscosity confirming the Cox-Merz rule at the boundary concentrations. (b) Normal force monitoring to identify the onset of the Weissenberg effect,

establishing the valid shear rate limit (7 < 0.1 s7%) at low dilution.

4 | Results and Discussion
4.1 | LVE Limits and Data Validation

To ensure that the dynamic oscillatory measurements reflect
the equilibrium structure of the polymer network, amplitude
sweeps were conducted to define the LVE regime. For the PE-
LD/diluent mixtures, strain amplitudes of y, < 10% were found
to remain well within the LVE region across the temperature
range of 140°C-180°C. Consistent with rheological theory for
concentrated solutions, the critical strain amplitude for the
onset of nonlinearity shifted to higher values with increasing
diluent concentration. This behavior is attributed to the reduc-
tion in entanglement density and the associated decrease in the
plateau modulus G, which generally allows for larger deforma-
tions before the network structure is disrupted.

Prior to evaluating the concentration-dependent viscosity reduc-
tion, the fundamental rheological boundary conditions were es-
tablished using the neat polymer melt (Owt% diluent) across the
investigated temperature range. The applicability of the empiri-
cal Cox-Merz rule, which equates the magnitude of the complex
viscosity | n*(w) | with the steady-shear viscosity 7(y) when the
angular frequency w equals the shear rate y [15, 30, 31], was ex-
plicitly validated for this system, as shown in Figure 3a. At low
diluent concentrations, SFT are frequently complicated by the
Weissenberg effect, which generates significant normal forces
acting on the plate geometry. To ensure data integrity, the nor-
mal force was continuously monitored during the measurements
(Figure 3b). These measurements were conducted using the in-
tegrated sensor within the air bearing-supported motor head of
the MCR 302 rheometer, which records the axial thrust exerted
by the sample directly on the actuator side. The onset of a sharp
increase in this signal served as a diagnostic physical criterion to

determine the upper limit of stable laminar flow before the onset
of edge fracture or radial sample ejection from the measuring gap.
Consequently, steady-shear measurements for these highly entan-
gled states were considered valid only up to a critical shear rate
of 7 = 0.1 s~L Once this valid experimental window was defined,
the analysis was systematically extended to the concentration-
dependent regimes.

Comparison of the oscillatory and steady-shear flow data
demonstrated excellent agreement at both the lower bound (0%
diluent) and the upper bound of the oscillatory experimental
window (60% diluent). Therefore, the Cox-Merz rule is consid-
ered valid across the entire investigated concentration range. It
should be noted that at diluent concentrations exceeding 60%,
the severe viscosity reduction resulted in torque signals falling
below the resolution limit for reliable frequency sweeps (FS); in
these semi-dilute regimes, structural characterization relied ex-
clusively on SFT experiments [22].

To rigorously validate the fundamental fluid mechanical as-
sumption of the no-slip boundary condition, a systematic vary-
ing gap analysis was executed in accordance with the established
methodology of Yoshimura and Prud’homme. Oscillatory shear
measurements were performed utilizing a parallel-plate config-
uration at discrete gap heights (specifically 0.6 and 0.95mm) to
explicitly identify potential apparent slip layers. As illustrated
for a representative system at a constant concentration and in-
termediate temperature in Figure 4, the magnitude of the com-
plex viscosity demonstrates strict superposition irrespective of
the applied gap separation. This geometric invariance of the vis-
coelastic material functions provides evidence for the suppres-
sion of macroscopic wall slip phenomena, thereby guaranteeing
that the acquired data exclusively reflect the true rheological
bulk properties of the investigated systems [19, 32].
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4.2 | Compositional Stability

A critical challenge in the rheometry of polymer solutions at el-
evated temperatures is the potential desorption or evaporation
of the volatile diluent during measurement [33, 34]. To assess

PE-LD/CS (18.2% CS) @ 160°C
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FIGURE4 | Validation of the no-slip boundary condition via a vary-

ing gap study. The magnitude of the complex viscosity | #* | is plotted
as a function of angular frequency w for varying gap heights. The strict
superposition of the data confirms the absence of apparent wall slip.

the compositional stability of the samples, a time-dependent
validity check was implemented by remeasuring the initial vis-
cosity point after the completion of the frequency sweep. These
verification steps consistently yielded deviations of less than 5%,
confirming that solvent evaporation was negligible and that the
diluent concentration remained effectively constant throughout
the duration of the rheological experiments.

4.3 | Time-Temperature Superposition

The validity of the TTS principle was assessed using van Gurp-
Palmen (vGP) plots (phase angle § vs. complex modulus | G* |).
While PE-LD typically exhibits thermorheological complexity
due to the presence of LCB [15, 35], the superposed data for
both the neat polymer and the solutions show good agreement,
as illustrated in Figure 5. This confirms that, within the exper-
imental window (excluding the high-frequency regime), the
relaxation mechanisms can be approximated as thermorheolog-
ically simple for diluent concentrations up to 50 m%.

The temperature dependence of a; follows an Arrhenius rela-
tionship as the measurement temperatures are significantly
above the glass transition temperature (7> Tg + 100 K) [24]:

E
In(ar) = Ea<% - Tief) ©)

where E_ is the flow activation energy and R is the universal gas
constant. Figure 6 shows the Arrhenius plot of In(ay ) versus the
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FIGURE 5

| van Gurp-Palmen plot of PE-LD/CS systems at varying temperatures and concentrations. The smooth superposition of the curves

confirms thermorheological simplicity across the investigated experimental window.
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FIGURE 6 | Arrhenius plot of the temperature shift factors a;.

inverse absolute temperature 1/ T. The linear regression yields
an activation energy of E, = 49,288 J /mol for the PE-LD/CS
system, consistent with values reported for branched polyeth-
ylene architectures [36].

4.4 | Time-Concentration Superposition

Analogous to the validation of TTS, the applicability of the TCS
principle was assessed using van Gurp-Palmen representations.
Figure 7 presents the vGP plots for the PE-LD/CS systems across
all investigated temperatures and concentrations. The data ex-
hibit excellent superposition, confirming that the material be-
haves as concentration-rheologically simple [26].

To further substantiate this finding, the LVE spectra were
shifted onto a reference master curve. Figure 8 depicts the
superposed (a) storage modulus G’ and (b) loss modulus G”
as a function of the reduced frequency a.w. The successful
collapse of the data points from various concentrations (20 to
50 m% solvent) onto the reference curves of the neat polymer
melt confirms that the shape of the relaxation spectrum re-
mains invariant upon dilution. Notably, this coalescence is
achieved without applying a vertical density correction factor
(b,), as the vGP plots already indicated that the vertical shift is
mathematically equivalent to unity (b, = 1). Consequently, the
observed reduction in complex viscosity is attributed exclu-
sively to the horizontal shift factor a,, indicating that dilution
primarily accelerates the global relaxation dynamics without
significantly altering the modulus scale in this concentrated
regime.

4.5 | Modeling Framework and Parameter
Identification

The primary objective of this study was to establish a robust phe-
nomenological framework capable of predicting the steady-shear
viscosity reduction induced by dilution with high computational

efficiency. While rigorous theoretical approaches, such as those
combining the Sanchez-Lacombe Equation of State (SL-EOS)
with free volume theory, offer substantial predictive accuracy,
their application is frequently hindered by the requirement for
extensive thermodynamic parameters. These are often inacces-
sible for complex industrial recyclate streams and are typically
restricted to the concentrated regime. Consequently, a semiem-
pirical modeling framework was adopted. Although simplified
to exclude explicit EOS parameters, the model retains a strict
physical basis by adhering to the established power-law scaling
concepts for regime-dependent dynamics.

The unified constitutive model, integrating the Carreau-Yasuda
fluid behavior with temperature (TTS) and concentration (TCS)
shift factors, is defined as follows:

n-1

n(7 T wy) = ac(wy) - be(wy) - ap(T) - o [1+ (ar(T)-ac(wy) - 47)°] *
©)

The proposed model incorporates a total of 10 free parameters:
four defining the reference Carreau-Yasuda master curve (s, 4,
n, a), one for the Arrhenius temperature dependence (E,), and
five characterizing the regime-dependent concentration scal-
ing (B.140 Be160> Peasor Peones Bai)- While the structural Carreau-
Yasuda parameters and the flow activation energy remain
constant across the entire experimental space, the shift factors
explicitly depend on temperature and polymer weight fraction
as defined in Equations (2-4).

Given the high dimensionality of the parameter space and the
non-linear nature of Equation (6), the error surface is inherently
prone to multiple local minima. To ensure the robust identifi-
cation of the global minimum, a two-step hybrid optimization
strategy was employed. Initially, a Particle Swarm Optimization
(PSO) algorithm was implemented in Python. This stochastic
heuristic method broadly explored the parameter space to iden-
tify the region of the global optimum without requiring gradient
information. The resulting parameter set then served as the ini-
tial guess for a subsequent deterministic optimization utilizing
the Generalized Reduced Gradient (GRG) algorithm to precisely
converge on the minimum.

The objective function minimized during this iterative process
was the mean relative error (MRE) of the predicted viscosity
compared to the experimental steady-shear data. By minimiz-
ing the relative error rather than the absolute residuals, the
fitting routine implicitly accounts for the logarithmic distri-
bution of the viscosity data. This statistical approach ensures
equal weighting of the data points across the nine decades of
viscosity magnitude, preventing the optimization from being
mathematically dominated by the high-viscosity values of the
neat polymer melt. The optimized parameters are summa-
rized in Table 1.

Consistent with the theoretical framework delineated in
Section 3.3, the concentration scaling is partitioned into two dis-
tinct dynamic regimes: the concentrated (entangled) state and
the semi-dilute (unentangled) state. Empirical analysis of the
rheological data, as depicted for a low shear rate in Figure 9a,
identifies the critical transition point between these regimes at
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a diluent concentration of approximately 60m%. Beyond this
threshold, the model accounts for the regime change through a
distinct increase in the scaling exponent.

The predictive capability of the calibrated model is illustrated in
Figure 9b, which depicts the parity between the experimental
steady-shear viscosity data and the model predictions. Despite
covering a dynamic range spanning over nine decades of vis-
cosity, the global fit achieves a MRE of less than 12%. This con-
firms that the proposed empirical scaling approach effectively
captures the rheological transitions across the investigated tem-
perature and concentration intervals.

To provide a visual reference for the magnitude of the viscosity
reduction, the viscosity of the pure diluent is explicitly included
in the graphical representation. This comparison illustrates
the substantial viscosity disparity spanning several orders of
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(a) PE-LD/CS at 140°C

magnitude, extending from the concentrated and semi-dilute
regimes down to the pure solvent limit.

However, it is important to note that a rigorous parameterization
of the specific crossover from the semi-dilute to the true dilute
state, theoretically predicted to occur at polymer concentrations
below 5m%, would require a significantly higher density of ex-
perimental measurements in this specific regime to fully resolve
the underlying scaling laws.

Figure 10 depicts the steady-shear viscosity profiles of the PE-
LD/CS system at the evaluated isotherms. Experimental data
are represented by symbols, whereas the model predictions are
denoted by solid lines. The progressive influence of dilution is
clearly distinct: as the solvent weight fraction increases, the ma-
terial response transitions from the pronounced shear-thinning
behavior characteristic of the entangled melt to a broadly
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FIGURE7 | van Gurp-Palmen plots of PE-LD/CS mixtures. The uniform superposition of data points confirms concentration-rheologically sim-
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dation across all temperatures and concentrations.

defined Newtonian plateau typical of the semi-dilute regime.
Concurrently, the onset of non-Newtonian flow systematically
shifts toward higher shear rates.

5 | Conclusions

This study successfully established a robust semiempirical
modeling framework to predict the shear viscosity of PE-LD di-
luted with a specialty solvent inherent to the CreaSolv-process.
The model encompasses the entire concentration range (0 to
100m% diluent) and accurately captures the dependencies on
temperature, shear rate, and dilution. Despite covering a vast
dynamic range of viscosity, spanning from approximately
1x107* Pa s to 1 x 10° Pa s, the proposed model demonstrates

high predictive fidelity, achieving a MRE of less than 12%
across all investigated regimes.

However, certain experimental constraints inherent to the uti-
lized offline characterization methodology must be acknowl-
edged. First, the accessible temperature window was bounded
at the upper limit by the onset of solvent volatility and at the
lower limit by the rapid increase in viscosity, which imposed
handling difficulties during sample loading and stirrer inser-
tion. Consequently, data acquisition for high-viscosity blends
(e.g., 10m% diluent) was precluded by the torque limits of
the concentric cylinder geometry. Furthermore, the neces-
sity to combine data from distinct rheological configurations,
parallel-plate rheometry for the neat polymer melt versus
concentric cylinder geometry for the solutions, introduces a
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FIGURE10 | Steady-shear viscosity of the PE-LD/CS system: Comparison of experimental data (symbols) and model predictions (lines) at varying

concentrations for different temperatures (a) 140°C, (b) 160°C, and 180°C.

potential source of experimental uncertainty due to geometric
scaling effects.

Additionally, regarding the thermal dependence, theoretical
considerations imply that the temperature shift factor (a;) is not
constant but should diminish at higher diluent concentrations.
While preliminary experimental data indicated such a depen-
dency, significant experimental variance prevented the formu-
lation of a statistically robust constitutive model to satisfactorily
capture this effect. Consequently, this study maintained a global
approach for the temperature shift, leaving the detailed parame-
terization of the concentration-dependent activation energy as a
subject for future investigation.

Closely related to this is the observed interplay between thermal
expansion (of free volume) and dilution efficiency. It was found
that the magnitude of viscosity reduction induced by the diluent

is less pronounced at elevated temperatures. Theoretically, this
can be attributed to the fact that high temperatures already gen-
erate a substantial fractional free volume within the polymer
melt; thus, the relative contribution of the solvent-induced free
volume becomes less critical compared to the low-temperature
state. This physical phenomenon is quantitatively reflected in the
model parameters, specifically in the temperature-dependent
concentration scaling exponent f,, which was observed to de-
crease with increasing temperature.

To circumvent these constraints in future investigations, the
implementation of slit rheometry coupled with in-line diluent
injection is recommended. As demonstrated in our previous
work [37], such a closed-loop configuration effectively miti-
gates issues related to solvent evaporation and sample handling,
thereby enabling precise characterization across a broader spec-
trum of temperatures and concentrations relevant to industrial
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recycling processes. However, it must be noted that while this
in-line approach resolves the volatility and viscosity-limit is-
sues of offline rheometry, it introduces distinct boundary
conditions. Specifically, the attainable dilution range is often
capped by the injection system's capacity; sensitivity of pressure
transducers; and the accessible shear rate window may be nar-
rower compared to rotational rheometry, necessitating a careful
trade-off between experimental flexibility and process-realistic
conditions.
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