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ABSTRACT

Upgrading recycled polyethylene terephthalate (PET) for high-value applications requires enhanced viscoelastic properties that are

difficult to achieve with single chain extenders. This study investigates the synergistic effect of pyromellitic dianhydride (PMDA,

tetrafunctional) and 1,3-phenylene-bis-2-oxazoline (PBO, bifunctional) on virgin and recycled PET using the Design of Experiment

methodology. Real-time rheological monitoring, combined with a heuristic kinetic analysis, enabled the identification of the

reaction mechanisms and their evolution over time. Subsequently, the linear viscoelasticity analysis of the reacted samples revealed

that the dual-additive system led to an increase of two orders of magnitude in zero-shear viscosity (compared to one order for

PMDA alone) and three orders of magnitude in relaxation times, reaching approximately 20 s. Critical differences between virgin

and recycled PET responses are identified, with recycled material showing enhanced properties at high additive concentrations due

to higher carboxyl end-group content. These findings provide a systematic approach for upgrading postconsumer PET to meet

industrial performance requirements for foaming and blow molding applications.

1 | Introduction

Polyethylene terephthalate (PET) is a linear polymer composed
of terephthalic acid (TPA) and ethylene glycol (EG) repeating
units [1]. It is widely used in the manufacturing of bottles and
other forms of packaging. Therefore, its production makes
a significant contribution to global plastic consumption. For
example, European manufacturing of virgin PET (VPET) reached
2.3 million tonnes in 2022 [2].

Due to its massive use in disposable items, PET is one of the most
concerning pollutants worldwide [3-5]. Consequently, its recy-
cling is currently a key objective within the framework of
a circular economy strategy [6]. Among the available technol-
ogies, mechanical and chemical recycling are most commonly

employed [7, 8]. Chemical recycling involves total or partial
depolymerization of PET chains through the use of water,
methanol, or EG itself [9]. Despite being an effective technique, it
is less frequently applied because of its high cost. Mechanical
recycling is a less complex process that is based on the collection,
sorting, and melting of PET waste with the objective of
reprocessing it [10].

During mechanical recycling, PET chains undergo multiple
scissions as a result of high temperatures [11], the presence of
contaminants [12], and traces of moisture [13]. This manifests as
a reduction in the molecular weight of the polymer and a general
worsening of its viscoelastic and mechanical properties in both
the melt and the solid phase [6, 14]. Various technologies are
available for the repurposing of recycled.
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Various technologies are available for the repurposing of recycled
PET (rPET), including injection molding [15], chemical recon-
version [16], and composite reinforcement for additive
manufacturing [17-20]. The method under consideration in this
work is reactive extrusion [21], which allows the reuse of post-
consumer PET for the production of lightweight materials when
combined with polymer foaming. Reactive extrusion is based on
the chain extension mechanism, which involves reacting linear
PET chains with selected additives, resulting in a branched
polymer architecture. Branching improves the viscoelastic prop-
erties of the material, optimizing it for advanced processing ap-
plications such as foaming and blow molding. The additives,
known as chain extenders, can have different chemistries [22]
(epoxides, oxazolines, or isocyanates) and different functionalities.
Depending on the latter, the chain extension reaction can generate
macromolecules with different molecular architectures, such as
stars with varying numbers of arms and, in some cases, even
dendritic structures [6]. The combination of different chain ex-
tender types may result in varying effects on viscoelastic prop-
erties. This topic has been addressed by numerous authors in the
literature. The effect of pyromellitic dianhydride (PMDA), a tet-
rafunctional additive, on the thermal and viscoelastic behavior of
recycled PET was investigated by Incarnato et al. [23]. They found
that rPET, modified with optimal quantities of PMDA under
appropriate conditions, recovers the essential features for blow
molding. Similarly, Liu et al. [24] demonstrated that long-chain
branching resulting from the reaction between PET and PMDA
improved the rheological properties of the polymer melt. The same
system has also been characterized by Hérth and Dérnhéfer [25],
along with PET modified with Joncryl, a multifunctional epoxy.
This work illustrates how the combination of the two additives,
when added to PET in two distinct stages, optimizes the polymer
for film blowing by providing the essential extensional properties.
Arayesh et al. [26], on the other hand, investigated the impact of
four distinct chain extenders and the diverse molecular structures
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they form with linear PET on rheological and thermal properties.
Several other researchers have made similar efforts to modify
VPET and rPET using the chain extension mechanism [27-32].

It is clear from the above-mentioned literature that PET reactive
extrusion enables the development of tailored, optimized ma-
terials that meet the specific requirements of the industrial
production processes. However, most studies have focused on
single-chain extenders, leaving the potential synergistic effects of
combining additives with complementary functionalities largely
unexplored. The present study investigates the combined use of
PMDA and 1,3-phenylene-bis-2-oxazoline (PBO) as chain ex-
tenders for both virgin and recycled PET. This combination was
selected based on the complementary reactivity of the two ad-
ditives: PMDA is a tetrafunctional molecule that reacts with the
terminal hydroxyl groups of the linear PET chains via its an-
hydride groups [33], whereas PBO is a bifunctional molecule that
links to the carboxyl terminal groups of the linear PET chain [34]
(see Figure 1 [26, 35]). This dual reactivity enables the formation
of complex molecular architectures, combining chain extension
and branching, that cannot be achieved with either additive
alone. Therefore, adjusting the relative amounts of PMDA and
PBO in the reactive mixture allows fine-tuning of the viscoelastic
properties through the presence of the different molecular
structures of the species formed during the reactive extrusion
process. A systematic Design of Experiment (DoE) approach was
employed to evaluate various additive combinations through
a comprehensive rheological characterization including dynamic
time sweep tests (DTST) for reaction kinetics and dynamic fre-
quency sweep tests (DFST) for viscoelastic behavior assessment. The
results demonstrate that the dual-additive system produces sub-
stantial improvements in zero-shear viscosity and relaxation time.
These findings indicate that the PMDA-PBO combination enables
effective property tuning for advanced processing applications while
offering promising strategies for upgrading recycled materials.
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FIGURE 1 | Reactions of (a) PMDA and (b) PBO with PET. Reprinted from references [26, 35].
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TABLE 1 | Factors and levels.

Level 1 Level 2 Level 3
Factor 1
PET grade vPET rPET —
Factor 2
PMDA content (%) 0 0.15 0.3
Factor 3
PBO content (%) 0 0.2 0.4

Beyond the specific formulations investigated, the novelty of this
work lies in the adoption of a DoE-driven framework that enables
a rational, a priori design of PET molecular architectures. By ex-
plicitly linking additive concentration, reaction kinetics, and rhe-
ological response, this approach moves beyond empirical
optimization and provides a transferable methodology for tailoring
PET properties through reactive extrusion.

2 | Experimental

2.1 | DoE

The DoE was based on the Six Sigma methodology [36]. First, the
factors, i.e. the variables, and the levels, i.e., the values of each
variable, were defined. Factors and levels are listed in Table 1.

The concentration levels for PMDA and PBO were selected based
on industrial feasibility considerations, balancing performance
enhancement with cost-effectiveness. The selected ranges
(0.15%-0.30% for PMDA and 0.2%-0.4% for PBO) represent
typical industrial concentrations for PET chain extension, where
significant property improvements can be achieved while
maintaining economic viability for large-scale recycling appli-
cations. Since Factor 1 has one less level compared to Factors 2

TABLE 2 | List of samples.

and 3, a mixed-level factorial design was applied: every level of
each factor was combined with all levels of the other factors. The
sequence of mixtures to be tested was then built, which combined
PET grades and chain extenders. This was achieved by using
Minitab software (Minitab LLC, USA), which provided the list of
tests to be performed on samples in random order, considering
one replica per batch. The sequence is shown in Table 2.

For each mixture, a single batch was produced and then
analyzed.

2.2 | Materials

Granules of the raw materials, namely the two PET grades and
the chain extenders, were kindly provided by the Valplastic
company (Valplastic S.r.1., Italy). The virgin grade PET has a glass
transition temperature of 82°C and a melting temperature of 243°
C. For the recycled material, the glass transition temperature is
equal to 85°C and the melting temperature is 250°C. The chain
extenders were supplied as masterbatches at known concen-
trations of PMDA and PBO. PMDA is a tetrafunctional chain
extender with an anhydride functional group, which can lead to
the formation of macromolecules with a four-arm star structure.
PBO, conversely, is a bifunctional, oxazoline-based molecule that
allows the creation of elongated linear chains.

2.3 | Sample Preparation

The granular mixtures were prepared by weighing appropriate
amounts of the components. Each mixture was then ground using
a cryo-miller, ensuring that the resulting powders were fine enough
to guarantee the optimal mixing of the components. This was
confirmed through the repetition of rheological tests on several
samples. An example is provided in the supporting information.
Finally, the samples were stored in a dynamic vacuum oven at 70°C
for at least 12h to remove all moisture residues of the powders.

Standard order Run order PET grade PMDA content PBO content

6 1 rPET 0.15 0.4

10 2 vPET 0 0

11 3 vPET 0 0.2

9 4 rPET 0.3 0.4

5 rPET 0.3 0

15 6 vPET 0.15 0.4

12 7 vPET 0 0.4

13 8 vPET 0.15

16 9 vPET 0.3

18 10 vPET 0.3 0.4

14 11 vPET 0.15 0.2

3 12 rPET 0 0.4

5 13 rPET 0.15 0.2

2 14 rPET 0 0.2

1 15 rPET 0

4 16 rPET 0.15

8 17 rPET 0.3 0.2

17 18 vPET 0.3 0.2
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2.4 | Rheology Tests

Rheological tests were performed with an ARES-G2 rotational
rheometer (TA Instruments, USA) equipped with an air-fed
convection oven for temperature control. Parallel plates with
a 25 mm diameter were selected as the measuring geometry. The
mixtures were loaded onto the bottom plate using a metallic ring
to avoid dust dispersion caused by the air flow inside the oven.
After melting of the powders, the ring was removed and the
upper plate was lowered to a gap of approximately 1 mm.

A specific test procedure was designed to investigate the branching
reaction and the relaxation phenomena of the polymer melt. To
observe the evolution of the reaction with time, DTSTs were
carried out for 1200s at T =260°C, with strain amplitude and
angular frequency set at 5% and 1 rad/s, respectively. At the end of
each DTST test, a DFST was performed in the angular frequency
range of (100, 0.5) rad/s, using the same temperature and strain
amplitude as in the previous test. As PET is extremely sensitive to
high temperatures and oxygen in the air stream, this relatively
narrow range of angular frequencies was chosen to prevent
degradation phenomena that might compromise the accuracy of
the rheological measurement. However, in such a narrow fre-
quency range, it was not possible to obtain the terminal flow
behavior. For this reason, the terminal regime was extrapolated
according to an empirical procedure described in Section 2.6.

2.5 | Data Processing: Reaction Kinetics

It was observed that, due to the high-temperature powder loading
procedure, the acquisition of the transient complex viscosity was
delayed, leading to the loss of the initial short-time region, which
is crucial for kinetic analysis. To overcome this limitation and
reconstruct the complete transient profile, a fitting procedure
was applied to estimate the delay time and to appropriately shift
the viscosity curves. In order to model the reactive extrusion
process, an estimation of the characteristic reaction time is also
required. To this end, the reaction between PET and the two
chain extenders was assumed to follow first-order kinetics. Al-
though this assumption represents a simplification of the actual
reactive system, it provides a fitting expression that describes the
experimental evolution of the complex viscosity with reasonable
accuracy. Moreover, the inverse of the kinetic constant obtained
from the fit allows a direct estimation of the characteristic re-
action time. Therefore, based on the considerations outlined
above, the evolution of the complex viscosity was treated as
analogous to the conversion degree of a first-order reaction, as
expressed by equation (1) [37].

-
3070 ), 6))
Moo — Mo
where 7, and 7, refer to the viscosity of the pristine vPET and the
steady-state viscosity attained during DTSTs, respectively.

Based on the assumption of first-order kinetics, the delay time
due to high-temperature loading procedures ¢, and the kinetic
constant k can be obtained by using equation (2):

() = no + (e — 770)(1 - e"‘(t"")). )

Note that 7., is experimentally obtained from the long-time
plateau of 5*. Likewise, 5, can be measured independently

from measurements carried out without the chain extenders. For
this reason they are not considered as adjustable parameters.

2.6 | Data Processing: Linear Viscoelasticity

As stated in Section 2.4, because of fast degradation at high
temperature, the linear viscoelastic moduli of the samples were
measured in a narrow frequency range where the terminal flow
behavior could not be observed. Therefore, to provide at least an
empirical estimate of the zero shear viscosity of the materials, we
extrapolated the terminal regime based on a Maxwell fit of the
experimental data. To this end, the viscoelastic moduli of each
sample were fitted with a 7-mode Generalized Maxwell Model
using the Reptate [38] software. Then, the fitting parameters,
namely the moduli and relaxation times of the different modes,
were imported into a custom MATLAB routine which extrap-
olated the viscoelastic moduli from 0.5 to 0.01 rad/s. It should be
noted that such an extrapolation is not generally valid and might
lead to significant errors in the estimation of the moduli outside
the measured frequency range. However, a series of validation
tests were conducted to evaluate the efficacy of the procedure
that had been developed specifically for this case. Some examples
of the validation procedure are reported in the Supporting In-
formation (available here).

Based on the frequency response, van Gurp-Palmen (vGP) plots
were constructed, which reproduce the phase angle, 6, as
a function of the complex modulus, G*. These quantities were
derived from:

"

G
tand = —, 3
G

¢ =(¢"+3") )

Finally, the complex viscosity was derived from the viscoelastic

moduli, using (equation (5)):

.G
-

.= s)

For each sample, the zero-frequency viscosity was extracted from
the plateau of the complex viscosity in the low-frequency range.
The relaxation time was obtained as the inverse of the frequency
corresponding to the intercept of the viscosity plateau with the
straight line fitting the high-frequency shear-thinning regime.

2.7 | Data Analysis: Linear Viscoelasticity

Zero-frequency viscosities and relaxation times data were
imported into the Minitab software, which generated the vari-
ability charts, the Pareto charts, and the interaction plots. This
allowed for assessment of the efficacy of the overall experimental
campaign.

3 | Results and Discussion

3.1 | Chain Extension/Branching Reaction

Figure 2 shows the evolution of the chain extension/branching
reaction over time for the two sets of samples, namely vPET-
based and rPET-based samples. The various effects of the two
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FIGURE 2 | Chain extension/branching reaction of PET: complex viscosities (") of polymer melts vs. time for (a) virgin PET samples: curves

compare formulations with 0%-0.3% PMDA and 0%-0.4% PBO. (b) Recycled PET samples: curves show the same range of PMDA and PBO con-
centrations. All curves were normalized by the corresponding neat PET viscosity value. The complex viscosity loss is approximately 17% for vPET-based

samples and 19% for rPET-based samples due to thermo-oxidative degradation.

chain extenders are evident for both PET grades. Mixtures
containing only PBO exhibit an increase in complex viscosity
compared to neat PET, resulting from PET linear chain exten-
sion. PBO extends PET chains by linking two terminal carboxylic
acid groups, leading to the formation of a polyamide-polyester
copolymer [39].

The increase in the average molecular weight of the macro-
molecules causes the viscosity to increase [40]. No intermediate
transient behavior is observed, probably because this chain ex-
tension reaction occurs so rapidly that it cannot be detected by
rheological measurements, given that it lasts approximately 3
min [35] and the first measurement is only taken around 200 s
after sample loading.

A different response can be observed for PMDA-modified
samples. Here, the complex viscosity undergoes a rapid in-
crease in the initial stage, indicating that the branching reaction
is proceeding. This involves the formation of ester bonds between
the PET hydroxyl end groups and the PMDA anhydride group
[41]. Since PMDA is a tetrafunctional molecule, it can first lead to
chain elongation and then to the formation of star-shaped
branched structures with up to four arms. [42]. All n* curves
reach a steady state, which suggests the end of the reaction.

Samples modified with both PMDA and PBO show a transient
behavior that combines the above-mentioned features. In both
PET grades, a slight decrease in complex viscosity is observed
over long times, which can be attributed to the thermo-oxidative
degradation of the polymer melts [43].

The achieved viscosity values of the VPET-based samples are
overall higher compared to those of rPET-based ones. This can be
attributed to the fact that the material has not undergone pre-
vious processes such as recycling, which can lead to mechanical
chain degradation [44]. In the case of recycled samples, the
average molecular weight of the polymer melt is reduced, causing
a corresponding drop in viscosity, which is evident in Figure 2(b)

for the rPET-based samples. A further significant distinction
between the two PET grades is that, in the case of vPET-based
samples, an increase in the additive content corresponds to an
increase in the viscosity value. This relationship is not observed
for rPET-based samples, which exhibit a disordered overall
response. This discrepancy may be attributed to the difference
in carboxyl end groups between the two PET grades. Indeed,
during the recycling process, the formation of COOH terminal
groups in the polymer is uncontrolled [13], which results in
subsequent processing of rPET being uneven compared to
VvPET. This can also be observed from the reaction rate co-
efficients evaluated by fitting the curves presented in Figure 2
with equation (2). The average reaction rate coefficients were
found to be as follows: for VPET they are 4.6-10 —3s™* and
3.2:10 —3s™" for 0.15% PMDA and 0.30% PMDA, respectively,
while for rPET they are 5.2:10 — 3 s~ " in the case of 0.15% PMDA
and 3.9-10 — 35" in the case of 0.30% PMDA. It appears that the
PBO concentration does not exert any significant influence on
the rate of chain extension/branching reactions, unlike PMDA.
Moreover, the reaction seems to proceed faster when the dia-
nhydride concentration is lower. One possible explanation
could be that, in the initial chain extension phase, PMDA is
more reactive with PET than in the second branching phase,
where two carboxyl end groups have already formed in the
macromolecule [45].

A reduction in the quantity of PMDA in the sample will result in
a faster reaction with the linear PET chains, leading to the
formation of extended structures, and an earlier termination of
the reaction.

3.2 | Linear Viscoelasticity of Reacted Samples

In order to evaluate the effect of the two additives on the rhe-
ological properties of the final samples, we analyzed them once
the reaction was complete. The chain extension/branching dy-
namics of the polymer melts can be observed in Figure 3, which
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FIGURE3 | Van Gurp-Palmen plots of PET melts after the chain extension reaction. Data were obtained following the procedure outlined in Section
2.6. Phase angle (5) is shown as a function of the complex modulus (|G*|) for different concentrations of PMDA and PBO. (a) Virgin PET samples: curves
compare formulations with 0%-0.3% PMDA and 0%-0.4% PBO. (b) Recycled PET samples: curves show the same range of PMDA and PBO

concentrations.

shows the vGP plots, obtained by following the procedure de-
scribed in Section 2.6.

The vGP plot shows the phase angle, §, as a function of the
complex modulus, G*. The shape of the curve gives insight into the
branching phenomena that occur within a polymer system [46]. In
this context, such a graph is a key tool, as it assesses the impact of
additives and their concentration [6]. In the case of linear chain
polymers, the curve has a single inflection point, and no particular
deviations or peaks are evident. When branching begins, the
curves show a shoulder, which becomes more pronounced as the
degree of branching of the polymer increases, until a local min-
imum point possibly appears [47]. As illustrated in Figure 3(a)),
the vPET samples modified with PBO only behave, as expected, as
linear chain polymers, with no hint of bumps. When PMDA is
added instead, the shoulder appears in the curves and becomes
more significant as the chains lengthen and the degree of
branching increases. The occurrence of these two phenomena is
contingent on the increasing concentrations of PBO and PMDA, as
evidenced by the progressive deviation of the trends (from the
purple curve to the black curve) from linear behavior (green, grey,
and blue curves). The greatest departure from linearity is observed
in the samples with the highest concentration of additives,
pointing to a stronger ramification. This also holds true for the
rPET-based samples, although, as already seen in Section 3.1
(Figure 2(b)), the arrangement of the curves is less systematic.

In addition to the vGP plots, as part of the DoE, the complex
viscosity curves of the reacted samples were also evaluated. The
resulting data are presented in Figure 4. Figure 4(a)) shows the
complex viscosity profiles as a function of angular frequency for
all vPET-based samples. The general features are consistent with
those observed previously. Compared to neat vPET, the PBO-
modified samples exhibit complex viscosities with analogous
morphology but increasing magnitudes. In both cases the overall
trend is Newtonian, with a small hint of thinning at the highest
frequencies. This is typical of relatively short, linear chain

polymers, which exhibit terminal relaxation behavior over nearly
the entire frequency range investigated. The situation is different
for samples that have also been modified with PMDA. Thinning
appears earlier and is more pronounced as the concentration of
the branching agent increases. This phenomenon can be
explained by an increase in the polymer melt polydispersity index
and molecular weight [48]. The alignment of larger entangled
macromolecules with different architectures results in more
pronounced shear thinning behavior [49]. Nevertheless, an in-
crease in the zero-frequency viscosity, i.e., the complex viscosity
value in the lowest frequency range, is consistently observed in
all samples. The same is also true for rPET-based samples, al-
though the results exhibit less consistency.

Figure 5 summarizes the dependence of the zero-shear viscosity
upon polymer source and chain extender composition. It dem-
onstrates the overall increase in the molecular weight of the
macromolecules as a consequence of chain extension and
branching phenomena.

3.3 | Data Analysis

As the final phase of the DoE, data were processed to allow for
the assessment of the efficacy of the experimental campaign.
Figures 6 and 7 show the variability chart of zero frequency
viscosity and relaxation time of the polymer melts, after the chain
extension/branching reaction was complete. These graphs collect
all the viscoelastic responses, thus facilitating the evaluation of
the influence of each factor (and their combination) on the
aforementioned variables.

The zero-frequency viscosity variability chart (Figure 6) confirms
what has been said above. In all cases, the increase in additive
concentration leads to an increase in the molecular weight of the
two PET grades because of chain elongation and branching
phenomena. Systematically higher viscosity values are recorded
for vPET-based samples.
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concentrations.

The most interesting responses can be obtained from the vari-
ability chart of relaxation times, evaluated as detailed in Section
2.6. Here, the relaxation times exhibited by samples containing
PBO only are comparable to those observed in neat PET, with
a value of approximately 1072 seconds. Indeed, the relaxation
dynamics observed are consistent with those typically seen in
linear chain polymers [48]. When PMDA is added to the melt and
the system branches, the relaxation times become longer. Here,
the combined effect of the two additives on relaxation dynamics
can be clearly seen. As star-shaped macromolecules start to form
via the reaction of the terminal hydroxyl groups of PET with
anhydrides, PBO enables the growth of increasingly larger
structures by connecting the remaining end of the linear PET
chain through the saturation of the terminal carboxyl group. This
process may result in the formation of macromolecules that
possess an organized, more stable three-dimensional molecular
architecture. It is noteworthy that for rPET, as the concentration

of both additives increases, r also rises. In contrast, for vPET-
based samples, once the concentration of 0.15% PMDA and 0.4%
PBO is exceeded, the relaxation time reaches a saturation level of
approximately 20 s. This behavior suggests that, above a certain
additive concentration, the relaxation dynamics of vPET-based
samples are no longer sensitive to further increases in PMDA and
PBO content. This may reflect the attainment of a characteristic
molecular architecture controlling stress relaxation, rather than
a continuous increase in effective chain length. This behavior is
consistent with previous observations on long-chain branched
polymers, where increases in branching density strongly affect
the zero-shear viscosity, while the longest relaxation time is
controlled by a limiting relaxation mechanism rather than by
molecular weight alone [50]. As previously stated, the level of
carboxyl end-groups, which can be reacted with PBO to form
more complex architectures, appears to be higher in rPET be-
cause of chain scission during the recycling process [51, 52].
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Larger macromolecules have slower global relaxation dynamics.
The results obtained in this study demonstrate significant im-
provements in viscoelastic properties compared to single-
additive systems reported in the literature. For vPET-based
samples, the combination of PMDA and PBO at concentra-
tions of 0.30% and 0.4%, respectively, resulted in an increase in
zero-frequency/shear viscosity of approximately two orders of
magnitude compared to neat vPET. This enhancement is sub-
stantially higher than that reported by Liu et al. [24] and Odet
et al. [32], who observed increases of approximately one order of
magnitude using PMDA alone at comparable concentrations,
demonstrating the synergistic effect of combining bifunctional
and tetrafunctional chain extenders. Regarding relaxation times,

Term 2132

samples modified with both additives exhibited values of ap-
proximately 20s for vPET, representing an increase of three
orders of magnitude compared to neat PET (~ 10™2s). To the best
of our knowledge, quantitative relaxation time data for chain-
extended PET systems are not systematically reported in the
literature, making this a novel contribution of the present work.

Figure 8(a)), showing the Pareto diagram of factors, facilitates the
assessment of the effect of PET grades and additives on relaxation
times. In general, variables whose bars in the diagram have
longer lengths are considered more influential. In this instance, it
is clear that the most significant contributions to melt relaxation
times are from the PMDA and PBO concentrations, each

Factor Name
A PET

B PMDA
C PBO

5 6 7

Standardized effect

A gray bar represents a term not in the model.

(@

FIGURE 8 | (Continued)
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on the relaxation times of samples.

individually, and the combination of PET grade and PBO con-
centration. This supports the outcomes observed in the rheo-
logical tests and provides evidence of the efficacy of the
experimental campaign. The interaction plot (Figure 8(b)))
presents a visual representation of the impact of PET grade,
PMDA, and PBO on the relaxation time. The y-axis displays the
mean of relaxation time, while the x-axis represents the levels of
variables and their combinations. The subplots indicate the re-
lationship between two variables or the combined influence of
three. The PET variable demonstrates a consistent pattern across
all panels. The relaxation times for vPET are generally higher
than those for rPET, indicating a significant effect of PET grade.
Similarly, PMDA and PBO exhibit complex interaction patterns
at various levels. Two-way interactions demonstrate that elevated
PMDA levels are associated with increased relaxation times,
particularly in the vPET case. In the PMDA-PBO panel, the
relaxation times increase with the addition of both PMDA and
PBO, indicating a combined effect of the two additives. The
interaction between PBO and PET is evident, with rPET
exhibiting higher relaxation times than vPET at the highest PBO
concentration. The bottom-center panel illustrates the impact of
PET, PMDA, and PBO on relaxation times. The highest re-
laxation times are observed at elevated PMDA and PBO levels.

4 | Conclusions

In this work, we investigated the effect of two additives, PMDA
and PBO, on the rheological properties of both virgin and
recycled linear PET. Real-time rheological monitoring of the
reactions between PET and the chain extenders enabled us to
identify the specific rheological responses of the different for-
mulations at varying compositions and additive concentrations,
closely mimicking conditions within an industrial reactive ex-
truder. Furthermore, a global kinetic constant for the chain
extension/branching reaction was derived. The linear visco-
elasticity analysis of the reacted samples highlighted the distinct
roles of the two additives: while PBO primarily acts as a chain
extender for the linear PET chains, PMDA serves as a branching
agent. Their combined action produces a system with a complex
molecular architecture and enhanced rheological properties,
which could be advantageous in industrial applications where
tailored viscosity and relaxation dynamics are required, such as

in foaming and blow molding processes. From an industrial
perspective, these findings provide guidelines for the rational
design of PET-based formulations with controlled processability
and final properties. Nevertheless, the study is limited to
laboratory-scale rheological measurements, and further valida-
tion under real extrusion and processing conditions will be
necessary. Future work should also address the long-term sta-
bility of the modified systems, the influence of processing pa-
rameters such as shear and residence time, and the optimization
of additive ratios to balance performance, cost, and sustainability.
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