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Investigation of the Reaction Kinetics of Poly(butylene
terephthalate) and Epoxide Chain Extender

Andreas Himmelsbach, Tobias Standau, Justus Kuhnigk, Tobias Bubmann,
Yavuz Akdevelioglu, Mohammadreza Nofar, and Holger Ruckddischel*

Polyesters, such as poly (butylene terephthalate) (PBT), owe a rather low melt
strength, which is considered as not beneficial for foaming. To overcome this
issue, a typical attempt is the incorporation of chemical
modifications—so-called chain extenders (CE)—in the reactive extrusion
process. In this study, the reaction kinetic variables are investigated
depending on the material and process parameters. For this purpose, different
series of experiments are performed with varying PBT with different molecular
weights and the commonly used CE, Joncryl ADR4468, on a micro
compounder. The screw force is recorded and analyzed using an Avrami and
an Arrhenius plot. First, the amount of CE is systematically varied. To study
the course of the reaction in more detail, the reaction is stopped in a series of
measurements (10, 30, 60, and 90 s after complete filling). Gel permeation
chromatography (GPC), Fourier transform infrared spectroscopy (FT-IR), and
Raman spectra are recorded. In the second series, the effect of processing
temperatures between 250 and 270 °C is investigated, and finally, in the third
series, the average molecular weight of PBT is varied. It could be shown that

plastics.'3l In particular, their enhanced
thermal stability and mechanical resistance
qualify them for use as construction materi-
als in areas such as the automotive and elec-
trical industries.['**] For lightweight struc-
tures, polyesters are used as foams to save
weight while maintaining reliable mechan-
ical properties. However, the foaming of
these materials is challenging.

The great advantage of bead foams is that
low density, complex shapes, and good in-
sulation properties can be combined. How-
ever, up to now, the established bead foams
are mainly made of commodity polymers,
such as polystyrene and polypropylene,[®!
and are also recently developed for poly-
mers such as polylactide.[”8 A current trend
is to widen the field of applications of bead
foam, for instance, to use cases demand-
ing increased resistance to heat exposure;

the activation energy seems to be dependent on the initial molecular weight;

lower molecular weights result in lower activation energy.

1. Introduction

Due to their excellent properties, polyesters such as poly (ethy-
lene terephthalate) (PET) and PBT are classified as engineering
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therefore, several attempts have been made
mostly using engineering polymers, such
as polyamide 12 (PA 12),°! PET'Y and
PBT.12I Anyhow, it has to be emphasized
that unmodified polyesters, such as PBT
and PET, usually owe rather insufficient rheological properties
for foaming (i.e., low melt strength).l"*1314 This makes it diffi-
cult to expand the material into a low-density foam. Furthermore,
the fusion of individual beads is another challenge. The current
state-of-the-art approach is the use of chemical modifications to
overcome those issues, as it was shown in previous works.!111%]
Hence, the melt modification with CE during reactive extru-
sion processes is a promising approach to increase the molec-
ular weight (branching and/or crosslinking) and consequently
to change the rheological properties (i.e., increased shear vis-
cosity and melt strength).[>16-8] Chain extenders are multifunc-
tional additives that can react with the terminal functional groups
of the polymers. For polyesters, many different systems of sub-
stances are already known and studied that can be used as chain
modifiers, such as isocyanides,['*!°] phosphites,[2%2!] pyromel-
litic acid dianhydride,[>?22*] epoxides, #8221 and others, 303!
with varying degrees of efficiency. As summarized in a recently
published review article, one of the most commonly used chain
extenders both in industry and academia is Joncryl ADR4468
from BASF.[*2] The chain extension with Joncryl ADR4468 is
relatively complex but mainly occurs through the reaction be-
tween the epoxide function of the chain extender and the car-
boxyl or hydroxyl group of the PBT (Figure 1).161733] Different
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Figure 1. Mechanism of the linkage reaction of Joncryl ADR with the carboxylic acid group (A) and the hydroxy group (B) of a polyalkylene terephthalate.

side reactions (e.g., the unintended gelation of the CE) can hap-
pen simultaneously.?*l It is known that the reaction between
the epoxide and the carboxyl group is preferred over the reac-
tion compared to the hydroxyl group.'*! In this way, it can
be assumed that the modified PBT would show a relatively
low carboxyl group concentration and thus a higher hydrolysis
resistance.[!]

Because of the CE reaction, the molecular weight rises
and leads to an increased melt viscosity. Consequently, the
torques during the processing change as illustrated in several
studies.['61735-38] For this purpose, often the polymer system
is processed batch-wise in a laboratory kneader or micro com-
pounder where the torque (or the screw force) is recorded over the
processing time and the changes due to the mechanisms taking
place can be followed. Three typical regimes could be identified
in all batch processes. First, immediately after the polymer is fed,
the torque rises and falls depending on how fast the polymer can
be molten. Second, the torque remains relatively stable.[*3¢) The
level of the torque depends on the molecular weight and steric
hindrance of the polymer chain."**! The extrusion can proceed
with homogeneous material properties. After a certain time, the
torque decreases due to thermal-mechanical degradation.*®] The
degradation depends on the processing conditions (temperature,
rotor speed, screw shape), and above all, on the chemical struc-
ture of the polymer itself. For polyesters, hydrolysis (predomi-
nantly below 180 °C) and f-H transfer (predominantly above 180
°C) are the main mechanisms.!***!) Both lead to a reduction in
molecular weight and thus to lower mechanical and rheological
properties.>18 To overcome this reduction, a chain extender can
be added. The modification does not prevent the degradation but
can compensate for its effect on the molecular weight of the poly-
mer. It is known that the torque can be increased after the ad-
dition of a certain amount of chain extender.!""17-213536] This in-
crease can be directly related to the increase in viscosity due to
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the higher molecular weight of the modified polymer.[21:342] The
slope of the increase depends on the amount and reactivity of
the chain extender, the polymer itself, as well as the processing
conditions.[117:2035.43]

Ojijo et al.®®! used an Avrami-like equation (Equation (1))
to characterize the reaction rate constant of chain extension
of Joncryl ADR4468, polylactic acid (PLA), and poly [(butylene
succinate)-co-adipate] (PBSA), respectively.

In[—In(@)] = nin(t) +nln (k) (1)

where O is the consumption of the chain extender, ¢ is the reac-
tion time, and k is the reaction speed constant.

The starting point of the reaction in the kneading process was
defined as the minimum torque (Torque,,,) and the maximum
torque (Torque,,,,) as the point at which the reaction reaches its
equilibrium stage. Thus, the change in torque over time could be
directly related to the consumption of the chain extender. © is the

amount of fraction not yet converted (Equation (2)).3]

_ Torque,,,, — Torque,,,

(2)

Torque,,,, — Torque,,,

The reaction rate constant can be calculated from the double
logarithmic plot of In [ — In (8)] over In(f). They found out that
the reaction of Joncryl with PLA is generally faster than that with
PBSA, due to the lower molecular weight of PLA used in that
study. Furthermore, by using an Arrhenius plot, it was possi-
ble to calculate the activation energy E, of both reactions (Equa-
tion (3)).1%]

k= Ac# (3)
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Table 1. Molecular mass of the different PBT grades.

Polymer grade M, M,

PBT B1100 48500 29000
PBT B1300 62300 31200
PBT B1700 97 600 40000

where A is the Arrhenius constant, R is the ideal gas constant,
and T is the processing temperature in Kelvin.

Costa et al.l'* studied the chain extension of poly (butylene
adipate-co-terephthalate) (PBAT) inline in a laboratory internal
mixer. A relationship between the increase in shear viscosity and
torque during compounding could be established. Similarly to
Ojijo et al.,*! it could be shown that the increase in torque is
related to the increase in molecular weight and thus to the reac-
tion taking place. Another finding was that the processing tem-
perature has a huge influence on the resulting average molecular
weight.['*] The higher the temperature, the higher the increase in
molar mass. This temperature-molecular mass relationship was
also shown for PBT by Guo and Chan.!"! This study deals with the
reactive extrusion of PBT and diglycidyl tetrahydrophthalate on
a corotating twin-screw extruder. A linear relationship between
the required reaction time and the processing temperature was
found. The higher the temperature, the faster the reaction pro-
ceeds as the viscosity of the polymer melt decreases. Also, a cor-
relation between rotor speed and reaction rate was also found
where higher shear rates increased the diffusion rate of the chain
extender and thus the reaction itself.l]

The determination of reaction kinetic quantities from the
changes in torque is possible but depends on many other
process parameters. Thus, when considering the reaction rate
constant or activation energy, one must be aware that this
quantity always refers to the overall process and not to the pure
reaction.

The current study aims to describe the melt reaction of PBT
with Joncryl ADR4468 and collect kinetic data depending on i)
the amount of the CE, ii) the processing temperature, and iii) the
initial viscosity (i.e., molecular weight). Raman spectra were used
to evaluate the changes in chain architecture; therefore, typical
bands (2942-2927 cm™!) belonging to the aliphatic C-H-group
that are created during the CE reaction were correlated with gel
permeation chromatography (GPC) data. The obtained results of
this study show a strong correlation with the foaming behavior
of PBT from our recent works.

2. Experimental Section

2.1. Materials and Sample Preparation

PBT Pocan B1100, B1300, and B1700 with different molecular
weights (Table 1) were purchased from Lanxess AG (Cologne,
Germany). To modify the melt properties, Joncryl ADR 4468, re-
ferred to as CE, was supplied from BASF SE (Ludwigshafen, Ger-
many). Before processing, both PBT and CE were cryo-milled and
dried at 40 °C under a vacuum for 12 h.
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2.2. Micro Compounder

PBT B1300 was melt mixed with up to 1 wt.-% CE on a lab-scale
twin-screw micro compounder DSM15 (Xplore Instruments, Sit-
tard, Netherlands). Experiments were carried out with 12 g of
each composition at a constant screw speed of 50 rpm while the
melt temperature was varied between 250 and 270 °C. Samples
were taken after complete filling at reaction times between 10 and
300 s. PBT B1300 and CE were weighted separately and mixed by
hand. The mixture was fed into the hopper of the compounder
with rotating screws. In total, three series were made (Table 2).

In the first series of measurements, the melt temperature was
kept constant at 250 °C and the amount of chain extender was
varied between 0.25 and 1.0 wt.-%. To study the course of the
reaction in more detail, the reaction time was varied; therefore,
the compounding process was stopped after 10, 30, 60, and 90 s,
respectively, and samples were taken. The second series of mea-
surements was addressed to investigate possible chain degrada-
tion. Here, the reaction time was kept constant at 300 s and the
reaction temperature was varied at 250, 260, and 270 °C, respec-
tively. The third series of measurements was similar to the sec-
ond series (i.e., variation of the melt temperature) but two other
PBT grades that possess different molecular weights (Table 1)
were used. The force at the screws was measured continuously
and recorded over the reaction time. The direct recording of the
torque, as it is commonly shown in many publications, is not
possible due to the existing software. However, the significance
of the measurement does not lose in quality, since the same force
values were used in other software to calculate the torque which
follows the same trends.

Prior to further characterization, all extrudates were cryo-
milled (ZM300 Ultra Centrifugal Mill, Retsch, Haan, Germany)
and vacuum dried for 12 h at 40 °C in an oven (VO, Memmert,
Schwabach, Germany).

2.3. Spectroscopic Analysis: Fourier-Transform Infrared
Spectroscopy and Raman

FT-IR spectra of the chain-extended PBT samples were recorded
at room temperature in the mid-IR range (600-4000 cm™!) us-
ing an FT-IR spectrometer (Thermo Fisher Scientific, Waltham,
USA) equipped with a Platinum ATR accessory. Each spectrum
was taken over 36 scans with a resolution of 2 cm™!. The back-
ground was acquired before the measurement and subtracted
from each signal. In order to compare the individual spectra,
the signals were normalized to the band of the carbonyl group
(1750 cm™). The results were analyzed using OPUS software
(Bruker Optics).

To describe the changes in functional groups and chain archi-
tecture depending on the processing conditions, Raman analy-
sis was carried out with a Raman spectrometer RXN-2 (Endress
+ Hauser AG, Switzerland, Reinach; formerly Kaiser Optics) on
the cryo-milled polymer powder after the compounding. For the
measurement, a non-contact optic (NCO) with a focus of 0.4 mm
was used. Each sample was scanned five times with an exposure
time of 300 s to ensure a sufficient spectral intensity of 75-95 %.
The scanning area was from 400-4000 cm™!. Spectra generation
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Table 2. Overview of the micro compounder trials.

www.mame-journal.de

Series Polymer grade CE [wt%] Temperature [°C] Speed [rpm] Time [s]

| B1300 0.25/0.5/0.75/1.0 250 100 300

Il B1300 1.0 250 50 10/30/60/90
1l B1300 1.0 250/260/270 50 300

1 B1100/B1700 1.0 250/260/270 50 300

and manipulation were carried out with the software Peaxact 5.7
from S-Pact GmbH (Aachen, Germany).

2.4. Gel Permeation Chromatography

Molar masses and molar mass distributions were measured with
GPC 1200 Infinity (Agilent Technologies, Santa Clara, USA). The
setup consisted of a pre-column PFG 7 pm, a main column PFG
7 um 300 A (PSS, Mainz, Germany), and a refractive index (RI)
detector (Gynotek SE-61). Samples of 20 pL were injected by an
autosampler at a flow rate of 0.5 mL min~! at 23 °C. Calibration
was carried out with poly (methyl methacrylate) (PPS calibration
kit, PSS, Mainz, Germany) as standard for the range of 720-
189000 Da. Hexafluoroisopropanol (HFIP, HPLC grade) with
potassium trifluoroacetate (8 mg mL~') was used to dissolve the
samples. Toluene (HPLC grade) was used as an internal standard
at a concentration of 2 mg mL~!. Samples were filtered through
a 0.22-um PTFE filter prior to injection. To process and analyze
the data, the software PSS WinGPC Unity was used.

2.5. Rheological Investigation

To determine the melt viscosity of the different PBT samples,
frequency and time sweep measurements using the plate-plate
method was performed on an RDA3 rheometer (TA Instruments,
New Castle, USA) at a temperature of 250 °C under nitrogen at-
mosphere on round melt pressed samples with a diameter of
25 mm. The gap size was set as 1 mm. Experiments were car-
ried out with a strain of 10 %. The strain was determined in a
previous strain sweep to ensure that all measurements were in
the linear viscoelastic range. The frequency sweeps were done in
a frequency range of 500 to 0.01 rad s~!. Time sweep measure-
ments were carried out at a frequency of 1 rad s~! for 60 min.

3. Results and Discussion

3.1. Series I: Varied Amount of Chain Extender

In the first series, the amount of chain extender was systemati-
cally varied between 0.25 and 1.0 wt.-%. The curves of the screw
force over the reaction time of the modified PBT samples are plot-
ted in Figure 2 and are compared with the curve of the neat PBT
B1300 (black curve). The curves were recorded for 300 s to fol-
low the effects of the CE reaction on the processing at 270 °C.
The curve of the screw force of the neat material could be divided
into two regimes. The first, between 0 and 60 s, corresponds to
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2500
PBT B1300 + varied amount of Joncryl
2000, @ 270 °C, 100 rpm, 300 s ——
Total amount: 12 g
+0.75 wt.-%
Z 1500
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Figure 2. Screw force of the polymer melts over time of neat and modified
PBT B1300.

the feed and melting process of the polymer powder. After that,
a slight but continuous decrease in the screw force over time can
be observed. It can be assumed that this is attributed to the align-
ment of the chains but also to the shear-induced degradation at
these elevated temperatures.*!] As suggested by Al-Itry et al. !¢
it can be expected that hydrolysis and random main chain scis-
sion might be the possible mechanisms during the melt process-
ing already at temperatures below 180 °C. At temperatures above
180 °C, the #-C—H hydrogen transfer mechanism dominates the
random main chain scission.!®]

By adding the reactive chain extender, the regime differs af-
ter the first 60 s, this phase can be attributed to the CE reaction
taking place. The increased screw force is due to the increased
viscosity of the polymer caused by the higher average molecular
weight.[33%42] Tt should be noted that the chain extension does
not prevent degradation,['®! but the reaction rate of the modifica-
tion reaction exceeds that of the degradation.

This can be seen by the fact that after reaching a maximum in
screw force, it slightly decreases most presumably due to chain
alignment and possible cleavage of the main chain. However,
this does not mean that the reaction between CE and the poly-
mer is complete. Moreover, due to steric hindrances, the reactiv-
ity of branched polymers is significantly lower than that of lin-
ear polymers.['17] Tt is also clear that as the concentration of the
chain extender increases, the screw force increases more. This
can be explained by the fact that there are more reactive centers
in the system, increasing the probability of a reaction. A linear
relationship was found between the amount of chain extender
added and the increase in screw force. In addition to the amount
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Figure 3. Screw force of the polymer melts over time of PBT B1300 +
1 wt% CE at varied temperatures.

of CE,[29364] the type of polymer and CE,[*>***] the shear rate
(rotor speed)*?] and the processing temperature!*>*! also have a
major influence on the mechanism. It is well known that a re-
action can only occur when the reactive centers are present. In-
creasing the shear rate can increase the diffusion rate of CE in
the polymer.[!) Increasing the processing temperature has a sim-
ilar effect.['*) It reduces the viscosity of the polymer and thus
increases the diffusion rate. In addition, more energy is available
to the system at higher temperatures which favor the CE reaction.

3.2. Series |l: Varied Processing Temperature

In the following, the effect of temperature on the reaction be-
tween PBT B1300 with 1 wt.-% CE is investigated in more de-
tail to determine the activation energy and reaction rate constant
in the given system. Due to system limitations (i.e., maximum
torque), the speed was reduced to 50 rpm.

In Figure 3, the curves of the screw force over time of PBT
B1300 with 1 wt% CE at 250, 260, and 270 °C, respectively, are
shown.

It can be seen in Figure 3 that the higher the reaction tem-
perature, the lower the maximum force during feeding because
the polymer melts in a shorter time and its viscosity is inversely
related to temperature.l?l Thus, a higher reaction temperature
results in both a higher energy input to start the reaction and
a higher chain mobility. Furthermore, it could be seen that the
screw force of the reaction at 250 °C increases slowly over 200 s.
While at both 260 and 270 °C, the force increases significantly
more over a much shorter period. The modified Avrami equa-
tion mentioned above was used to describe reaction kinetics. The
slope of the linear function between 20% and 80% conversion
from the In [ — In (®)] over In(t) plot (Figure 4) was used to cal-
culate the reaction rate constant for the three different tempera-
tures.

The reaction rate constant is the natural negative exponent of
the division of the intercept and slope of the straight-line equa-
tion (Equation (4))

k=e¢ (4)

Macromol. Mater. Eng. 2023, 308, 2200683 2200683 (5 of 9)
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PBT B1300 + 1 wt.-% Joncryl

@ varied temperature, 50 rpm, 300 s

260 °( 250 °C

calculation @ 20 to 80 % conversion

In(-In(1-X)))

Yarec = 4.186%X - 18.43

[
o Yacoec = 3.184%X - 14.86
‘ Yaseoc = 2.828*X - 13.88

In (t)

Figure 4. Modified Avrami plot of the conversion of PBT and CE at varied
processing temperatures.

Table 3. Reaction rate constant of PBT and Joncryl ADR4468 at varied tem-
peratures.

Temperature [°C] Reaction rate constant [k min~']

250 7.7x1073 +£1.2x 1073
260 9.9x 1073 +8.1x 107
270 12x 1072 +9x 1074

where k is the reaction rate constant, b is the intercept, and
m is the slope of the straight-line equation.3>! The values of the
reaction rate constant are given in Table 3. From the calculated k
values, it can be seen that the higher the processing temperature,
the faster the reaction. This phenomenon is already known in the
literature.3>37] Increasing the processing temperature from 250
to 260 °C results in an increase in the reaction rate constant from
7.7 X 1073 10 9.9 X 1073 min~!, corresponding to an acceleration
of 1.3 times. A further increase of 10 K to 270 °C also leads to ac-
celeration by a factor of 1.3. According to the Arrhenius equation,
the reaction rate should double if the temperature is increased by
10 K. The discrepancy between the calculated acceleration and
the theoretical one could be explained by the fact that in poly-
mer melts, the steric hindrance and viscosity are relatively high
so the reaction is mainly driven by the diffusion rate of the epoxy
function.[1:39414]

The activation energy of the studied system was calculated us-
ing the Arrhenius equation (Equation (3)). Plotting In(k) versus
1/T gave a straight line from which the activation energy of the
reaction could be derived. An activation energy of 52.9 k] mol~!
was calculated for the PBT-CE reaction.

To better understand and follow the reaction, the experiment
conducted at 250 °C was stopped after 10, 30, 60, and 90 s, respec-
tively, and the filament obtained was ground and dried overnight
at 40 °C under a vacuum. Subsequently, the molar mass (SEC)
and chemical composition (FTIR) of the dried samples were in-
vestigated (Figure 5). From the SEC, it is evident that the mean
molar mass is already shifted to higher values after 10 s reaction
time (Table 4). Above 60 s reaction time, a shoulder is observed
in the SEC. The increase in the screw force corresponds to the
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Figure 5. a) Molar mass distribution determined by SEC (eluent: HFIP, standard: PS); b) ATR-FTIR spectra of the modified PBT after varied reaction

time.

Table 4. Molar Mass of PBT-CE reaction after varied reaction times.

Reaction time [s] Molar mass (M,,) Molar mass (M) M, /M,
10 7.2 x 10* 3.8 x 104 1.9
30 8.5 x 10 4.1x 10 1.8
60 8.9 10* 42x10* 2
90 9.2 10* 4.4x10* 2

reaction taking place since a higher molar mass leads to a higher
viscosity and thus to increased flow resistance.!1:2:36:3°]

The FT-IR spectra (Figure 5b) provide qualitative evidence of a
chemical reaction between the polymer and the CE. The reaction
between the epoxide function and the hydrogen of the carboxyl
group follows a ring-opening mechanism. During this reaction,
an ester bond (1577 cm™) is formed between the polymer and
the CE.323¢] The FT-IR absorption of the asymmetric and sym-
metric ring deformation of the cyclic epoxide in CE is 843 and
907 cm™?, respectively.[235] These two IR absorptions should de-
crease during the reaction, while the IR absorption of the ester
bond should increase. A slight decrease in the intensity of IR ab-
sorption of both epoxides is observed during the first 90 s of the
reaction.

To confirm the finding of FT-IR, RAMAN spectroscopy was
also performed with these samples. From the model constructed
based on the spectra of the pure materials, PBT B1300 and CE,
respectively, it was found that the ester linkage (2942-2927 cm™)
between the chain extender and the polymer increases over time
(Figure 6). From the change in signal area over time, the aver-
age molecular weight could be calculated using the model of the
company S-Pact (Aachen, Germany). The calculation is in approx-
imate agreement with the data obtained from the GPC measure-
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ment. Thus, the increase in screw force over time can be clearly
attributed to the change in molecular weight.

3.3. Series llI: Influence of the Molecular Weight

In a further step, this procedure was applied to two other PBT
grades with lower and higher molecular weight, that is, one with
a lower shear viscosity, PBT B1100, and one with a higher one,
PBT B1700. This allowed us to study the influence of viscosity
on reaction kinetics in more detail. Figure 7 shows the curves
of screw force versus time for the three different polymers with
1 wt% CE at 260 °C. It can be seen that the higher the molecular
weight and thus the initial viscosity, the steeper the curves during
the reaction.

The shear viscosity before and after chain extension, the reac-
tion rate constant, and the activation energy are listed in Table 5.

The activation energies of the three different polymers were
calculated using the Arrhenius equation, as mentioned earlier.
For PBT B1100, an activation energy of 19.2 k] mol~! was de-
termined. The activation energy of PBT B1700 could not be de-
termined correctly at temperatures above 260 °C. Furthermore,
it was found that only PBT B1700 exhibits significant shear-
induced degradation, similar as described in previous work,!!]
during the period studied. The lower activation energy of PBT
B1100 compared to PBT B1300 can be attributed to the viscos-
ity of the neat materials. The shear viscosity of PBT B1300 mea-
sured under oscillation at 250 °C is 1.7 times higher than that of
PBT B1100. Thus, the diffusion rate of the epoxy function in PBT
B1100 is higher than in PBT B1300. On the other hand, the vis-
cosity of PBT B1300 increases 24-fold from 117 to 2830 Pa s, while
the viscosity of PBT B1100 increases ninefold from 70 to 625 Pa
s. Thus, the change in viscosity of PBT B1300 is much greater
than that of PBT B1100. This phenomenon can be attributed to
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Figure 6. a) RAMAN spectra of the modified PBT after varied reaction time; b) Comparison of molar weight determined by SEC (eluent: HFIP, standard:
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Figure 7. Screw force of the polymer melts over time of varied PBT grades
+ 1wt% CE at 260 °C.

Table 5. Viscosity and kinetic data of the different PBT grades.

feas” P2 S] Mmodified @ 260°c”) [Pas] k107 [min™']  E, [k) mol™']
PBTBI100 7747 625 + 119 55+46x 107 192429
PBTBI300 117+ 11 2830 + 386 9.9+81x 107" 5294
PBTB1700 603 + 78 12320 + 584 19 £8.7x 107 -

2 Viscosity at 250 °C, 0.5 7', 10 % strain.

the fact that the reaction rate constant of PBT B1300 is higher
than that of PBT B1100. The higher the viscosity, the higher the
shear stresses generated and thus the higher the forced diffusion
rate of the epoxy function.377]

It could be shown that the viscosity of the neat polymer has
a great influence on the activation energy and the reaction rate
constant. The higher the viscosity, the more energy is required
to start the reaction. At the same time, the reaction rate con-
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stant increases with viscosity, which is due to the increased shear
stresses, as can be seen in Figure 7. PBT B1700 has the highest
reaction rate constant at 260 °C of all the polymer grades stud-
ied. However, due to the viscosity, the shear forces are so high that
shear-induced degradation occurs predominantly within the time
period studied. This can also be seen from the increase in viscos-
ity. This increases from 603 to 12 320 Pa s, which corresponds to
an increase by a factor of 20 for PBT B1700. Whereas PBT B1300,
which has a medium viscosity, is a promising material for the CE
reaction because it has both a relatively low activation energy and
a sufficiently high reaction rate constant. This is proven by the
fact that the viscosity of PBT B1300 increased 24-fold, which was
the largest increase we saw in this study.

3.4. Change in Viscosity and Foam Structures

Viscosity also has a significant effect on foam morphology, as al-
ready shown in earlier works.[''1548] The bead foams were pro-
duced as described in our previous study via a tandem foam ex-
trusion line coupled on an underwater granulator using CO, as a
blowing agent.['!] The influence of molecular weight and varied
viscosity based on different chain architectures on foam density,
cell density, and morphology was investigated. It was found that
low to medium molecular weight leads to weak rheological prop-
erties, especially low melt strength. Therefore, the cells in the
foamed beads tend to coalesce, as shown in Figure 8A,B. Similar
behavior of pure PBT B1300 was also noted and discussed before
in ref. [11] (Figure 8B). PBT B1700 already has a higher viscosity
than PBT B1100 and PBT B1300, as discussed previously. There-
fore, the polymer exhibits higher expansion resistance and could
thus prevent cell coalescence. On the other hand, a bead density
of 335 + 4 kg m~3 was found.[*®!

The use of chain extenders would increase the viscosity due
to the chemical reaction. For the modified PBT B1300, a homo-
geneous cell structure was found, with an average cell size of
155 + 37 um and a bead density of 179 + 2 kg m~3.[1! This could
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Figure 8. Foam morphologies of PBT foamed beads with and without CE. A) B1100 and C) B1700. B) B1300 and E) B1300 1 wt% CE. (A,C) Reproduced
with permission.[“8] Copyright 2022, American Chemical Society. (B,E) Reproduced with permission.['!l Copyright 2018, American Chemical Society.

be due to the fact that the viscosity of the polymer increased sig-
nificantly, as we have already shown. Furthermore, it was shown
that the elongation of the polymer increased since tangles can oc-
cur due to the long-chain branching and result in strain harden-
ing behavior which is absent in linear PBT.[*!] For the PBT B1100,
we also observed an improvement in foamability. The chemical
modification increased the viscosity by nine times, resulting in
a bead density of 141 + 7 kg m~> and an average cell size of
199 + 79 ym. The difference in density and cell size is due to
PBT B1300 having a higher reactivity with CE than PBT B1100.
This leads to a significantly higher increase in viscosity, and as
already explained in refs. [11, 48], the rheological properties are
crucial for foam formation.

4, Conclusion

The flow behavior of PBT can be improved by reactive extrusion
with Joncryl ADR4468. A linear relationship was found between
the screw force and the amount of CE added due to the ongo-
ing reaction. An activation energy of 52.9 k] mol™" was deter-
mined for the PBT B1300-CE reaction between 250 and 270 °C
at a rotor speed of 50 rpm. It was also shown that the reaction
rate increased from 7.7 x 1073 /min to 1.2 x 1072 /min when the
processing temperature was increased from 250 to 270 °C. For
the first time, Raman spectroscopy was used to follow the reac-
tion between the polymer and the CE over time. The predicted
molar masses could be correlated with GPC. The influence of
molecular weight, that is, initial viscosity, was analyzed by com-
paring three different PBT grades. It was shown that the lower
the initial viscosity, the lower the activation energy E,. On the
other hand, the reaction rate constant k also correlates with the
viscosity. The higher the initial viscosity, the higher the reaction
rate constant. This can be attributed to the increased diffusion
due to the increase in shear. For PBT B1100 and PBT B1300, a
reaction rate constant of 5.5 X 1073 /min and 9.9 X 1073 /min, re-
spectively, was determined at 260 °C. An increase in the viscosity
of PBT B1100 and PBT B1300 by 9 and 24 times, respectively,
was observed under oscillated shear at 250 °C. This increase in
viscosity also affected the foamability of these two polymers. As
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shown, a homogeneous cell structure could be achieved after the
reactive modification.

Acknowledgements

The authors would like to thank German Research Foundation (DFG) with
grant number AL 474/51-1 and the Scientific and Technological Research
Council of Turkey (TUBITAK) in the context of 2507 project with the project
number 220N342 for funding the project. For the opportunity to carry out
Raman analysis by providing a rental device and support with interpreting
the spectral data, the authors would gratefully thank Dr. Thomas Etterer,
Christian Lesting (from Endress + Hauser AG), Clemens Minnich, and
Simon Kern (from S Pact GmbH). Special thanks to students Nico Krebs
and Catharina Stierle for their support during the trials. Further thanks to
Leo Gerschmann for the preparation of the reaction scheme.
Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

chain extenders, micro compounders, poly (butylene terephthalate), reac-
tion kinetics, reactive extrusion

Received: December 9, 2022
Revised: March 24, 2023
Published online: April 25, 2023

[1] B. Guo, C. Chan, J. Appl. Poly. Sci. 1998, 71, 1827.
[2] M. Gucluy, Y. Alkan Géksu, B. Ozdemir, A. Ghanbari, M. Nofar, J.
Polym. Environ. 2022, 30, 719.

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85U0]7 SUOWIWIOD BAIeaID 3|qedtjdde aup Aq peuenob afe sejonte VO ‘8sn Jo se|ni Joj Areiq18uluO 48]/ UO (SUOTIPUOD-PUE-SULBY/WOD A8 1M ARIq | U [UO//:SANY) SUORIPUOD pue s 1 8y} 88s *[6Z02/20/6T] Uo AriqiTauliuo Ao |IM ‘ineied 1ee1sienlun Aq £89002202 3WeL/Z00T 0T/10p/Luoo" A3 1MAke.d 1 |pul|uoy//:sdny Wwoly pepeoiumoq ‘. ‘€202 ‘vS0Z6T



ADVANCED

SCIENCE NEWS

M} SeSiar

Materiols and Engineering

Open Access,

www.advancedsciencenews.com

(3]
(4]

(3]
(6]

7]

(8]

9]
(1]
(1]
(12]
(13]
(14]
[15]
[16]
(17]
(18]
(19]

(20]
(21]

(22]
(23]
(24]

(25]

Macromol. Mater. Eng. 2023, 308, 2200683

F. Awaja, F. Daver, E. Kosior, Polym. Eng. Sci. 2004, 44, 1579.

A. Himmelsbach, T. Standau, |. Meuchelbéck, V. Altstadt, H. Ruck-
dischel, J. Polym. Eng. 2022, 42, 4.

N. G. Karsli, J. Thermoplast. Compos. Mater. 2017, 30, 1157.

J. Kuhnigk, T. Standau, D. Dérr, C. Briitting, V. Altstadt, H. Ruck-
dischel, J. Cell. Plast. 2022, 58, 707.

M. Nofar, A. Ameli, C. B. Park, Polymer 2015, 69, 83.

M. Nofar, A. Ameli, C. B. Park, Mater. Des. 2015, 83, 413.

D. Dérr, D. Raps, D. Kirupanantham, C. Holmes, V. Altstidt, AlP Conf.
Proc. 2020, 2205, 020037.

C. Bethke, D. Goedderz, L. Weber, T. Standau, M. Déring, V. Altstadt,
J. Appl. Polym. Sci. 2020, 137, 49042.

T. Standau, B. Hadelt, P. Schreier, V. Altstidt, Ind. Eng. Chem. Res.
2018, 57, 17170.

T. Standau, P. Schreiers, K. Hilgert, V. Altstadt, AIP Conf. Proc. 2020,
2205, 020039.

M. Hairth, J. Kaschta, D. W. Schubert, Macromolecules 2014, 47,
4471.

A. R. M. Costa, T. G. Almeida, S. M. L. Silva, L. H. Carvalho, E. L.
Canedo, Polym. Test. 2015, 42, 115.

J. Kuhnigk, N. Krebs, T. Standau, M. Dippold, H. Ruckdaschel, Macro-
mol. Mater. Eng. 2022, 307, 2200419.

R. Al-ltry, K. Lamnawar, A. Maazouz, Rheol Acta 2014, 53, 501.

R. Dhavalikar, M. Xanthos, J. Appl. Polym. Sci. 2003, 87, 643.

M. Nofar, H. Oguz, J. Polym. Environ. 2019, 27, 1404.

S. S. Pesetskii, V. V. Shevchenko, V. V. Dubrovsky, J. Appl. Polym. Sci.
2018, 135, 45.

B. Jacques, ). Devaux, R. Legras, E. Nield, Polymer 1997, 38, 5367.

B. Jacques, |. Devaux, R. Legras, E. Nield, Macromolecules 1996, 29,
3129.

L. Incarnato, P. Scarfato, L. Di Maio, D. Acierno, Polymer 2000, 47,
6825.

F. Daver, R. Gupta, E. Kosior, J. Mater. Process. Technol. 2008, 204,
397.

M. Hirth, A. Dérnhéfer, ). Kaschta, H. Miinstedt, D. W. Schubert, J.
Appl. Polym. Sci. 2021, 138, 50110.

D. N. Bikiaris, G. P. Karayannidis, J. Appl. Polym. Sci. 1996, 60,
55.

2200683 (9 of 9)

(26]
(27]
(28]
(29]
(30]
(31]
(32]
(33]
(34]

35]
36]

(37]
(38]

(39]
[40]
[41]

(42]
43]

(44]
45]
(46]

(47]
48]

www.mame-journal.de

D. N. Bikiaris, G. P. Karayannidis, J. Polym. Sci., Part A: Polym. Chem.
1996, 34, 1337.

S. Japon, L. Boogh, Y. Leterrier, J.-A. E. Manson, Polymer 2000, 41,
5809.

M. Hirth, A. Dérnhéfer, J. Kaschta, H. Miinstedt, D. W. Schubert, J.
Appl. Polym. Sci. 2021, 138, 50.

Z.Yang, C. Xin, W. Mughal, X. Li, Y. He, J. Appl. Polym. Sci. 2018, 135,
45805.

D. Berg, K. Schaefer, M. Moeller, Polym. Eng. Sci. 2019, 59, 284.

G. P. Karayannidis, E. A. Psalida, J. Appl. Polym. Sci. 2000, 77, 2206.
T. Standau, M. Nofar, D. Dérr, H. Ruckdischel, V. Altstidt, Polym.
Rev. 2022, 62, 296.

C. A. Orr, J. ). Cernohous, P. Guegan, A. Hirao, H. K. Jeon, C. W. Ma-
cosko, Polymer 2001, 42, 8171.

M. Villalobos, A. Awojulu, T. Greeley, G. Turco, G. Deeter, Energy 2006,
31, 3227.

V. Ojijo, S. S. Ray, Polymer 2015, 80, 1.

S. Wang, S. Pang, N. Xu, L. Pan, Q. Lin, J. Appl. Polym. Sci. 2016, 133,
43424,

Y. Zhao, Y. Li, D. Xie, J. Chen, J. Appl. Polym. Sci. 2021, 138, 50.

T. Bubmann, A. Seidel, H. Ruckdischel, V. Altstadt, Polymers 2021,
14, 73.

W. F. H. Borman, J. Appl. Polym. Sci. 1978, 22, 2119.

W. Zhai, Y.-W. Kim, C. B. Park, Ind. Eng. Chem. Res. 2010, 49, 9822.
R. Al-Itry, K. Lamnawar, A. Maazouz, Polym. Degrad. Stab. 2012, 97,
1898.

W. Hale, J.-H. Lee, H. Keskkula, D. Paul, Polymer 1999, 40, 3621.

Y. Ge, S. Yao, M. Xu, L. Gao, Z. Fang, L. Zhao, T. Liu, Ind. Eng. Chem.
Res. 2019, 58, 3666.

Z. 0. G. Schyns, M. P. Shaver, Macromol. Rapid Commun. 2021, 42,
415.

K.-C. Chiou, F.-C. Chang, J. Polym. Sci., Part B: Polym. Phys. 2000, 38,
23.

Y. Goutille, C. Carrot, ).-C. Majeste, F. Prochazka, Polymer 2003, 44,
3165.

B. Guo, C.-M. Chan, J. Appl. Polym. Sci. 1999, 71, 1827.

J. Kuhnigk, N. Krebs, C. Mielke, T. Standau, D. Pospiech, H. Ruck-
dischel, Ind. Eng. Chem. Res. 2022, 61, 49.

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85U0]7 SUOWIWIOD BAIeaID 3|qedtjdde aup Aq peuenob afe sejonte VO ‘8sn Jo se|ni Joj Areiq18uluO 48]/ UO (SUOTIPUOD-PUE-SULBY/WOD A8 1M ARIq | U [UO//:SANY) SUORIPUOD pue s 1 8y} 88s *[6Z02/20/6T] Uo AriqiTauliuo Ao |IM ‘ineied 1ee1sienlun Aq £89002202 3WeL/Z00T 0T/10p/Luoo" A3 1MAke.d 1 |pul|uoy//:sdny Wwoly pepeoiumoq ‘. ‘€202 ‘vS0Z6T



