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Abstract: When applying electron or gamma irradiation to poly-3-hydroxybutyrate (P3HB), main
chain scissions are the dominant material reactions. Though propositions have been made that
crosslinking in the amorphous phase of P3HB occurs under irradiation, a conclusive method to
achieve controlled additive free irradiation crosslinking has not been shown and no mechanism
has been derived to the best of our knowledge. By applying irradiation in a molten state at 195 °C
and doses above 200 kGy, we were able to initiate crosslink reactions and achieved gel formation
of up to 16%. The gel dose Dg,) was determined to be 200 kGy and a range of the G values, the
number of scissions and crosslinks for 100 eV energy deposition, is given. Rheology measurements,
as well as size exclusion chromatography (SEC), showed indications for branching at doses from
100 to 250 kGy. Thermal analysis showed the development of a bimodal peak with a decrease in the
peak melt temperature and an increase in peak width. In combination with an increase in the thermal
degradation temperature for a dose of 200 kGy compared to 100 kGy, thermal analysis also showed
phenomena attributed to branching and crosslinking.
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Additive Free Crosslinking of

Poly-3-hydroxybutyrate via Electron

Beam Irradiation at Elevated 1. Introduction

Temperatures. Polyners 2023, 15, Poly-3-hydroxybutyrate (P3HB) is a bio-based and biodegradable polyester that can be
4072. https:/ /doi.org/10.3390/ derived from various carbon sources, including sewage waste, by more than 300 different
polym15204072 bacteria [1-4]. Along with bacteria, different types of algae have been discovered, which are

able to synthesize P3HB, opening the possibility for P3HB to be obtained from carbon diox-
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ide and sunlight alone [5]. This makes P3HB a promising candidate for more sustainable

Received: 7 September 2023 polymer applications. However promising P3HB seems, when it comes to its sustainable
Revised: 5 October 2023 production process, a lack of sufficient mechanical and thermal properties prevents a wider
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Published: 12 October 2023 P3HB is more brittle [7]. P3HB’s elongation at break reaches from 1.4 to 8%, tensile strength

from 20 to 40 MPa and its Young’s modulus lies between 0.28 and 4 GPa compared to other
biopolyesters such as polylactic acid (PLA) and polycaprolactone (PCL), where values for

elongation at break can reach 13% and 457%, tensile strength can reach 53 and 22 MPa
and a Young’s modulus 2058 and 181 GPa, respectively, can be observed [7-9]. This is a
This article is an open access article  T€Sult of poly-3-hydroxybutyrate’s high crystallinity, reaching up to 70% [10,11]. With a
distributed under the terms and  glass transition temperature around 0 °C, pushing to lower degrees of crystallinity through
conditions of the Creative Commons  Processing does not work, since cold crystallization increases the material’s crystallinity to
Attribution (CC BY) license (https://  its maximum within several days or weeks [12]. When it comes to processing P3HB, the
creativecommons.org/licenses /by / proximity of the melting point (~175 °C) to its thermal degradation temperature (~195 °C)
40/). is problematic as well [13]. A processing step, e.g., compounding, can lead to a decrease
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in the molar mass by 25% or more, further decreasing the melting point and the thermal
degradation temperature [13]. Hence, material modifications are necessary for P3HB to be
applied to more polymer solutions.

For polymer modification, different options are at researchers’ disposal. For the en-
hancement of thermal and mechanical properties, additives can be compounded into the
matrix material. Chemical modifications, such as copolymerization, are also possible. Addi-
tionally, polymers could be blended to combine the desired properties of different materials.
Aside from the previously mentioned modification possibilities, ionizing irradiation such as
electron beam (e-beam) or gamma irradiation can be utilized to induce changes in polymer
materials [14]. Ionizing irradiation creates radicals in polymer materials. These radicals
result from ionization, excitation, and electron capture of the radiation by the atoms in the
organic molecules. These dislocated radicals can lead to branching, crosslinking, and chain
scissioning of polymer chains. Whether crosslinking or chain scissioning is the dominant
reaction under irradiation depends mostly on the mobility of the radicals and polymer
chains, as well as the binding energies of atoms in the polymer backbone. For higher
mobility, crosslinking becomes more dominant. For lower mobility, scissioning increases.
Chain and radical mobility are influenced by the polymer chain structure, e.g., the presence
of side groups or chains, the degree of crystallinity, and chain length. Weak points also
influence whether a polymer crosslinks or scissions under irradiation. Weak points in the
polymer backbone are created by side groups and chains. Side groups and chains weaken
the chemical bonds in the main chain next to their attachment point. Therefore, they create
a weak point for chain scissioning. The methyl side group in P3HB creates a weak point in
the backbone. A schematic of the scissioning process for P3HB under irradiation is depicted
in Figure 1 [15]. This, in combination with its high crystallinity and therefore limited chain
mobility, hinders radical recombination and scissioning is reported to be the dominant
reaction for the irradiation of P3HB in its high-crystalline, solid state [16]. Therefore, a drop
in the molar mass and mechanical properties, as well as a glass transition and melting point
temperature, can be seen [15,16].
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Figure 1. Schematic depiction of scissioning in P3HB under irradiation after [15].

It has been shown in the literature that the usage of additives and crosslink promot-
ers or unsaturated monomers can help to overcome the difficulties regarding crosslink
formation under irradiation [17,18]. It was also shown that the presence of plasticizers
such as poly(ethylene glycol) (PEG) can result in crosslink formations in P3HB under
irradiation [17]. Another way of promoting crosslink reactions is by lowering the crys-
tallinity of P3HB. The first approaches to achieve this were made by irradiating P3HB at
different times after processing before the maximal crystallinity was reached through cold
crystallization [11]. It was argued that for irradiation with doses below 33 kGy shortly after
processing, crosslinking occurs in the nearly amorphous material. A next logical step is
the irradiation without any crystallinity of P3HB, e.g., in the molten state. Irradiation in
the molten state ensures maximum polymer chain and polymer backbone radical mobility
resulting from the absence of any crystalline structures. However, due to the aforemen-
tioned proximity of the melting point to the degradation temperature, this approach creates
problems of its own.
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Depending on the molar mass and temperature of the material, the severity of thermal
degradation changes. A schematic depiction of the dependence of thermal degradation
on the temperature and molar mass is shown in Figure 2 [19]. For lower molar masses,
thermal degradation progresses faster. The same holds true for higher temperatures.
During thermal degradation, P3HB undergoes a cis-elimination (see Figure 3) [20]. A
cis-elimination describes a non-radical random chain scission reaction through the creation
of a six-membered transition state [21,22].
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Figure 2. Schematic depiction of thermal degradation of P3HB depending on molar mass and
temperature, according to [16].
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Figure 3. Mechanism of the cis-elimination in P3HB during thermal degradation according to [20].

This work investigates the irradiation of P3HB in a non-crystalline, molten state with-
out crosslink agents. The melt was held at 195 °C and irradiated with 25 to 400 kGy
via an electron beam under nitrogen. Through thermal analysis, gel content determina-
tion, as well as molecular mass, and rheological measurement we quantified the melting
point decrease and the partial increase in degradation temperature, as well as crosslink
formation and showed indications for branching. For all interpretations and conclusions,
thermal degradation was considered. Through this methodology, a gap in science and
the literature concerning the effect of the irradiation of P3HB at elevated temperatures
is closed. This work places itself within the ongoing advances in science concerning the
irradiation of biopolyesters above their glass transition temperature, in a molten state or
while processing [23,24].

2. Materials and Methods

P3HB powder Enmant Y3000P was obtained from TianAn Biological Materials Co., Ltd.
(Beilun Port, Ningbo City, China). According to the manufacturer, its specific density is
1.25 g/cm3, and it shows a melting temperature of 175 to 180 °C and a heat deflection tem-
perature of 135 to 145 °C. The molar mass My, of the virgin P3HB powder was determined
by SEC to be around 1.2 x 10° g/mol. The particle size of the powder dgy was 50 pm and
the medium particle size diameter was 23 um.

Irradiation was performed at the Leibniz-Institut fiir Polymerforschung Dresden e.V.
(IPFDD) with an electron accelerator ELV-2 from Budker Institute of Nuclear Physics,
Novosibirsk [25], Russia. Pre-dried P3HB powder was placed in circular molds with
a diameter of 2.5 cm and a height of 0.2 cm, covered with a Kapton® foil (thickness
125 pm), and placed in a special irradiation chamber [26]. After closing the chamber, the
temperature was raised to 80 °C and kept under a vacuum for 5 min to remove moisture
and oxygen. Subsequently, the irradiation chamber was flushed with nitrogen and the
temperature was set to the target irradiation temperature of 195 °C and kept constant for
20 min during irradiation. Afterwards, the samples were cooled down to room temperature
under nitrogen.



Polymers 2023, 15, 4072

4 0f 21

Before irradiation processing, samples were pre-dried in a vacuum oven at 40 °C at
0 mbar for 24 h. During the irradiation process, the electron beam parameters were kept
constant at 1.5 MeV with an electron current of 4 mA. The irradiation doses ranged from
25 to 400 kGy applied in 25 kGy beam passage steps until the target dose was reached. From
one mold, a sample mass of less than 2 g could be obtained. This was due to the low bulk
density, below 0.3 g/cm3, of the sample material in powder form. The irradiated reference
samples at 25 °C were produced the same way with no heat applied. To compensate
the heat input during irradiation, a gradual control of the temperature during heating,
depending on the dose, was performed.

Prior to analysis, all captured radicals along the polymer chain or in the crystalline
phase must decay to ensure there are comparable initial conditions in the materials. Electron
spin resonance (ESR) measurements of the sample irradiated at room temperature with
300 kGy showed that all captured radicals decayed after 22 h.

Differential scanning calorimetry (DSC) was performed with a Polyma 214 from
Netzsch (NETZSCH-Geratebau GmbH, Selb, Germany). Sample masses of 5.0 + 0.3 mg
were heated from —20 to 200 °C with a heating and cooling rate of 10 K/min. Each
measurement consists of two heating cycles. To eliminate thermal history, the second cycle
was used for analysis and discussion. To ensure thermal equilibrium while measuring,
the samples were held isothermally for 3 min at —20 and 200 °C during the measurement
cycles. Samples were placed in a closed aluminum crucible with a pierced lid. The DSC
measurements were performed in a nitrogen atmosphere. The degree of crystallinity was
calculated according to Equation (1),

_ AH, — AHe

x 100% 1)
AHY,

c

with AH,, being the enthalpy of the melting peak, AH. the enthalpy of the cold crystalliza-
tion peak, and AHY, the theoretical melting enthalpy of 100% crystalline P3HB. For AHY,, a
value of 146 ] /g was obtained from the literature [27]. DSC measurements were performed
several days after irradiation, to ensure the decay of all radicals.

For thermal gravimetric analysis (TGA), a TG 209 F3 Tarsus from Netsch (NETZSCH-
Geradtebau GmbH, Selb, Germany) was used. Sample masses of 5.0 & 0.2 mg were heated
from 50 to 600 °C with a heating rate of 10 K/min. Samples were placed in an open alu-
minum oxide crucible. The TGA measurements were performed in a nitrogen atmosphere.
Before measurement, the samples were placed in a desiccator for 4 days to ensure the
absence of moisture in the material. The turning points were determined through the
maximum of the first derivatives. Mass losses were referenced to the total masses at 150 °C.

The number average molecular mass (M;) and mass average molecular mass (My,)
were determined via size exclusion chromatography (SEC). P3HB was dissolved in chlo-
roform at 60 °C. After cooling the solution to 25 °C it was placed in a high-performance
liquid chromatography (HPLC) Series 1100 system by Agilent Technologies Inc., USA.
The SEC was equipped with a 1 PL MIXED-B-LS (300 x 7.5 mm) with a 10 um PS gel
column and coupled with a refractive index detector. As a reference, polystyrene with
a range from 580 to 2.851 x 10° g/mol was used. Results were obtained by averaging
three measurements.

Rheology measurements were performed with a rtheometer HR 20 from TA instruments
(USA). Due to small sample sizes, an 8.0 mm parallel plate geometry was used, and
the gap was set to 45 pm. The small sample size was due to the low bulk density of
the sample material in powder form. The frequency range for the measurements was
63 to 1 rad /s with 0.1% strain. The temperature was kept at 165 °C during the measurement.
Frequency sweep measurements were performed from high to low frequencies. A strain
sweep was performed to ensure measurements were performed on the Newtonian plateau.
All measurements were performed in air.

Gel content measurements were performed via Soxhlet extraction with chloroform
(anhydrous, >99.8%) around its boiling point at 61 °C. Sample masses of 0.2 £ 0.02 g
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were placed in a type 390 filter paper (pore size 3-5um). Contrary to the current state of
the art, no stainless-steel mesh was used for sample containment during extraction, since
containment of the P3BHB powder could not have been ensured in a mesh. The extraction
time was 6 h. After extraction, the samples were dried in a vacuum (0 mbar) at 60 °C for
8 h and then weighed. Gel content was calculated according to Equation (2)
X = m;ample-i-paper — Mpaper
gel

%X 100% 2)
Msampler+paper — Mpaper

with Mggmpiet paper eing the combined mass of the sample and the filter paper before
and m; ample-+paper after extraction. mypqper labels the mass of the filter paper. From the
soluble fraction obtained by the gel content measurements, the gel point and G values were

determined via the Charlesby—Pinner Equation (3)

Po 1 1
S+VS =—+ ——= 3
Ve q0  qour D )
X
1 gel
s=1 100 4)

with s being the soluble fraction calculated according to Equation (4), pp and g the density
of scissions and crosslinks per unit dose, respectively, u; the number average degree of
polymerization for the polymer of the most probable distribution of molecular weight, and
D the irradiation dose in kGy [28,29]. The Charlesby—Pinner equation is only viable for
polydispersities of two and lower. The polydispersities in this work ranged from 2.5 to 7,
so applying the equation can only give an estimate of the true gel dose and G values. After
simplifying Equation (3) in accordance with the literature [30], Equation (5) is obtained

(S)  4.82x10° 1
X) " G(X)Mn D

G
s++/s = Te @)
with G(5) and G(X) being the number of scissions or crosslinks per 100 eV energy deposition
in the material and Mn the mass of the polymer. The gel point is defined as an average of
one crosslink unit per weight average molecule [30]. Therefore, Equation (5) simplifies to

G(S) +4.82><106 1
2G(X) = G(X) Mn Dy,

2= 6)

where D) now describes where sudden changes in the molecular structure appear [31].
The Charlesby-Pinner plot was obtained, and solutions were obtained graphically. Uncer-
tainties were calculated through error propagation with partial derivatives.

To determine the G values for the irradiation at room temperature, Equations (7) and (8)

were used [32].
1

= +1.037 x 1077 (G(S) + G(X)) D 7
Moo~ My (G(S) +G(X)) )
1 1 5 (G(S)

—+1.037><107<+2GX>D 8
MwD MwO 2 ( ) ()

M, is the number average molecular mass and M;, the mass average molecular mass.
The subscript 0 indicates the molar mass before irradiation, while the subscript D indicates
the molar mass after a certain dose D was applied. The equations enable the calculation
of the G values when no gel formation takes place [33]. For these equations to provide
reliable values for G(S) and G(X), the polydispersity, the ratio of My, /My, has to be equal
to two. Since this is not the case for the material system used in this work, applying
Equations (7) and (8) only gives an estimate of the true G values. The solutions to these
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equations were obtained graphically. Uncertainties for the G values were calculated through
error propagation with partial derivatives.

3. Results and Discussion
3.1. Optical Inspection of Samples after Irradiation

Samples irradiated at room temperature showed no alteration in their optical ap-
pearance. The samples irradiated in the molten state as well as the reference sample that
experienced the heating cycle for processing without irradiation showed signs of thermal
degradation. The cooled down discs were very brittle, even to the point where they would
partially break when taken out of the mold. This unfortunately made mechanical testing,
e.g., with dynamic mechanical analysis (DMA), tensile testing, etc., impossible.

3.2. Thermal Analysis

DSC measurements of P3HB show the development of a bimodal peak under irra-
diation at room temperature and in the molten state (see Figure 4a,b) because the molar
mass decreases under irradiation due to random chain scission and leads to a bimodal
distribution of crystallite sizes [16,17] (see 3.3 Molecular Mass and Branching). A second
impact factor is the formation of unstable lamellar layers [17]. Da Silva et al. [34] also at-
tributed the bimodal peak to different crystallite and lamella sizes as well as imperfections
in the crystals, arguing that the peaks at higher temperatures are those of the more perfect
crystals. Contrary to Oliveira et al. [16] and Parra et al. [17], irradiating with 5 to 300 kGy or
5 to 10 kGy, the bimodality of the peaks increased, and the total separation of the peaks was
at 150 kGy for the irradiation at room temperature and at 100 kGy for the irradiation in the
molten state. The P3HB used by Oliveira et al. [16] and Parra et al. [17] had a viscosity aver-
age mass of 360,000 g/mol or, respectively, an average molecular weight of 380,000 g/mol.
The number average molar mass My, of the P3HB used for this work was determined to
be around 120,000 g/mol. Therefore, we argue the differences in the molar mass and the
different susceptibilities of different molar masses to irradiation cause the discrepancy
between this work and the works by Oliveira et al. [16] and Parra et al. [17]. The smaller
initial molar mass of the P3HB used in this work may lead to a higher susceptibility towards
scission, and therefore to different molar masses after irradiation, which results in different
crystallization kinetics.

By comparing the DSC curves (see Figure 4a,b) of P3HB irradiated at room temperature
and in the molten state for 0 kGy;, it is evident that applying the heating cycle for irradiation
processing in the molten state already leads to an increase in bimodality in the melting
peak. This is due to the thermal degradation of P3HB during heating, leading to a more
uniform molar mass distribution. For increasing doses, the peaks for the irradiation at room
temperature become narrower, indicating a more uniform molar mass distribution. This is
confirmed through SEC measurements (see Figure 9a): for the irradiation in the molten state,
the main peaks widen (see Figure 4b). This is attributed to the molar mass distribution
becoming multimodal (see Figure 9b) and is also a sign of crosslinking and branching
as described by McKee et al. [35]. The assumption that the widening of the melting
peak in the DSC curves is due to the occurrence of branching and crosslinking, is also
supported by the data obtained from the SEC, gel content, and rheological measurements
(see Figures 9b,12,13a).

All data obtained from DSC measurements for both heating cycles can be found
in Appendix A, Figure A1l and Table A1.

For a comprehensive overview, the changes in the melting points from heating and
the crystallization points from cooling are extracted from the DSC curves and summarized
in Figure 5. For increasing doses, the peaks of the DSC curves move to lower temperatures
(see Figure 5). A linear decrease under irradiation is in agreement with the literature and is
also attributed to the molar mass decrease under irradiation and its effect on the lamella
structure and impurity of crystals [11,15-17,36]. The decrease in crystallinity is shown in
Figure 6, where a higher drop in crystallinity is exhibited for irradiation in the molten state
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compared to room temperature. When comparing the decrease in crystallinity (see Figure 6)
to the changes in molar mass (see Figures 10a and 11), it is evident that the decrease in
crystallinity for the samples irradiated in the melt does not correlate with a decrease in the
molar mass. The molar mass decrease by scission reduces chain entanglements, increasing
chain mobility. Increased chain mobility leads to an acceleration of crystallization kinetics.
Therefore, an increase in crystallinity was expected. Some of the literature reports that long
chain branching (LCB) enhances the crystallinity [37]. Since our irradiated samples also
contain amounts of long-branched chains, LCB may play a role in enhancing nucleation
ability and leads, in our understanding, to a minor contribution to increased crystallinity.
The lower crystallinity in the samples irradiated in the molten state is an indication for
branching and crosslinking since structurally more complex molecule chains (e.g., star-like
or tree-like branched) and networks hinder crystal formation. The formation of crosslinks
and branching usually goes along with a widening of the melt peak and a decrease in the
melt peak temperature [35]. The widening of the melt peaks, the decrease in crystallinity
with no significant molar mass loss, as well as the decrease in the melting temperature
point towards branching and crosslinking for the irradiation of P3HB in a molten state.
This assumption is supported by the molar mass development (see Figure 9), rheological
measurements (see Figure 12), and gel content development (see Figure 13a).
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Figure 4. DSC curves of the second heating cycle (a) irradiation at room temperature and
(b) irradiation in the molten state at 195 °C.

By examining the temperatures for predefined mass losses (e.g., 1 and 5%), changes in
the starting point of thermal degradation can be quantified. This describes the course of
thermal degradation in more detail and therefore consider the possible earlier degradation
of smaller molar mass sections. Comparing the defined mass losses with the turning point
of the degradation curve provides a picture of the whole thermal degradation process and
not just the main degradation, which is mostly described by the inflection point of the
first derivative. TGA measurements of P3HB irradiated at room temperature are shown in
Figure 7a. For increasing doses, thermal degradation starts at lower temperatures. Figure 8
displays the temperatures for 1 and 5% mass loss, as well as the inflection point of the
TGA curve. For irradiation at room temperature, a decrease in the temperature for mass
loss with 1 and 5%, as well in the inflection point temperature, can be seen. A single-step
thermal degradation process for the material system used in this work is in agreement
with the literature [38], but for different types of P3HB, two-step thermal degradation
processes can be found as well [39,40]. The mechanism of the thermal degradation of P3HB
is displayed in Figure 3 and visualizes a cis-elimination, which is a non-radical random
chain scission reaction through the creation of a six-membered transition state [21,22]. As
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depicted in Figure 9, the molar mass decreases under irradiation at room temperature and
smaller molar masses lead to a faster and earlier thermal degradation (see Figure 2). This
trend, however, is contrary to the trend described by Oliveira et al. [16]. They described an
increased thermal stability from 293 °C (0 kGy) to 297 °C (300 kGy) through gamma irradia-
tion. This opposite behavior could arise from the differences concerning the material states
(molten or solid) during the irradiation or from the differences in dose rates using different
radiation types, or might be due to different atmospheres during irradiation (nitrogen and
air). For the irradiation in air, as performed by Oliveira et al. [16], the empirical constant
for the determination of the viscosity average molecular weight My could be chaining.
If this change was not taken into account for the calculations, an overestimation of the
My values could occur. Overestimating My, values will lead to higher G(S) values. There-
fore, the potential for a molecular mass increase through branching and crosslinking is
underestimated. Taking a closer look at the increase in thermal degradation temperature
found by Oliveira et al. [16], this might have been the case, since an increase in the degrada-
tion temperature with increasing doses can be a sign of branching or crosslinking. There are
also differences when it comes to radiation processing with electron or gamma irradiation.
Gamma irradiation has a higher penetration capability than electron irradiation. Therefore,
in the case of gamma irradiation, more time is needed to deposit the same energy into the
polymer material when compared to electron beam irradiation. Electron beam irradiation
increases the specimen’s temperature during irradiation more than gamma irradiation
does, and therefore changes in the polymer chain and polymer backbone radical mobility
can occur under electron irradiation. Electron irradiation also leads to charge deposition in
the material. These differences between the radiation types can account for divergences in
the material’s response. For polypropylene (PP), it was shown that gamma irradiation has
a greater effect on the material than e-beam irradiation [41,42]. Hassan et al. [42] reported
higher thermal degradation onset temperatures for gamma-irradiated PP at doses up to
60 kGy and a higher elastic modulus throughout gamma-irradiated test specimens, both
being signs of a higher network formation in gamma-irradiated PP. Fintzou et al. [41]
reported a stronger decline in the mechanical properties of PP during gamma irradiation
compared to electron irradiation, also hinting towards higher crosslink formation during
gamma irradiation. Unfortunately, neither work included gel content measurement for ver-
ification. It is argued that due to the usage of e-beam irradiation in this work, the increase
described by Oliveira et al. [16] does not come into effect. During electron beam irradiation,
the temperature in a specimen increases more than it does under gamma irradiation.

second cycle
240 | heating cooling
220 F ’ main peak RT ® rT
<> mionr peak RT 195 °C
200 | main peak 195 °C
1 L minoar peak 195 °C
80 ® ¢ o0 °
TH¥rese & § g g o
S 140} © S ¢
<
w 120
L 100}
80F 2 o8 o o °
60 } ° g
40
20 |

0 50 100 150 200 250 300
dose [kGy]

Figure 5. Melting points of the main and side peaks for heating and the main peaks for cooling from
DSC measurements. Errors listed in the Table A1.
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Figure 6. Crystallinity of P3HB under irradiation. The full boxes show crystallinity obtained from
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Figure 7. TGA curves of P3HB irradiated at room temperature (a) and in the molten state at 195 °C (b).

For the irradiation in the molten state, a shift to lower temperatures can be seen
for 0 to 100 kGy. For a dose of 200 kGy, thermal degradation shifts to higher tempera-
tures compared to 100 kGy, followed by a shift back to lower temperatures for 300 kGy
(see Figures 7b and 8). The turning point of the TGA decreased from 292 °C for 0 kGy to
287 °C for 100 kGy, then increased to 291 °C for 200 kGy, before decreasing to 289 °C for
300 kGy. For the temperature at 1% mass loss, a steady decrease from 254 to 227 °C with
an increasing dose was determined. Temperatures for the 5% mass loss decreased from
269 to 266 °C for doses of 0 and 100 kGy. At 100 and 200 kGy, the temperature for the
5% mass loss did not change and decreased to 257 for 300 kGy. The shift to higher tem-
peratures for thermal degradation at 200 kGy is attributed to the right balance of branch-
ing starting to occur at 100 kGy and the starting point of gel formation at 200 kGy (see
Figures 9b and 13a). The network from gel formation in combination with branching leads
to higher molar mass fractions that are more resistant to thermal degradation. Side chains,
branching, and crosslinking possibly sterically hinder the chain mobility and movement;
therefore, the cis-elimination may be reduced, which can lead to a higher thermal material
resistance [43,44]. However, this effect does not change the overall thermal degradation
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process of P3HB [21]. The increase in thermal resistance correlates with the results obtained
from rheological measurements. Therefore, the complex viscosity for doses of 150 to 250 kGy
does not change, indicating a balance between branching and crosslinking (see Figure 12c).
For 300 kGy, even though the maximal gel formation has been reached (see Figure 13a), the
molecules not participating in the network are more sensitive to thermal degradation com-
pared to those in the network. This is due to the branched or crosslinked molecules having
a lower chain mobility, hindering them from undergoing a cis-elimination. Considering
a network of only 16%, the overall thermal degradation is not dominantly influenced by
the gel formation. The earlier thermal degradation of the lower molecular mass fractions
that are not branched or incorporated in the network, maintained a balance with the later
thermal degradation of the higher molar masses; therefore, no overall change in thermal
degradation occurred. It is even possible that, when increasing doses over 250 kGy, the ex-
isting network is damaged. Crosslink density decreases and the distance between crosslink
points increases. This explains the decrease in the thermal degradation temperature, even
though gel content still exists. This proposition is backed up by rheological measurements
(see Figure 12). The storage modulus and the complex viscosity decreased for doses of
100 kGy to 150 kGy and stayed unaffected for doses between 150 and 250 kGy before
decreasing further for 300 kGy.

300+ .
[ ]
¢ ()
—275F v .
o v v
— v
v 250}
S o
£ 225
Q.
E mass loss 1% 195 °C
s - mass loss 5% 195 °C
turning point 195 °C
W massloss1%RT
25+ \/ massloss 5% RT
@ turning point RT
1

0 50 100 150 200 250 300
dose [kGy]

Figure 8. Temperature for different mass losses and turning points for P3HB irradiated at room
temperature (blue) and in the molten state at 195 °C (red). At 200 kGy, data points overlap. Errors
listed in the Table A2.

3.3. Molecular Mass and Branching

SEC showed a bimodal molar mass distribution with a number average molar mass
M, of 118,667 + 5033 g/mol for the virgin P3HB (see Figure 10a and Figure 13a). Under
irradiation at room temperature, the peak width decreased, and the main peaks shifted
to smaller molecular masses. This is in agreement with the literature [11,16,45]. The
longer chains are more likely to randomly scission under irradiation, and therefore, the
distribution becomes more uniform while shifting to lower molar masses. The relative
changes in the molar mass for the sample irradiated at room temperature (see Figure 11)
are in agreement with the literature. For doses of up to 25 kGy, around 50%, and for doses
of up to 50 kGy, around 80% of relative molar mass loss or higher are reported [15,45,46].
For a dose of 100 kGy;, a relative mass loss of up to 90% is reported in this work. The
decrease in polydispersity for the irradiation at room temperature is in accordance with
the assumption of longer chains being more affected by the irradiation, and therefore, the
molar mass distribution becoming more uniform (see Figure 10b). Since the radiation dose
is defined as the energy absorbed by the irradiated materials per unit mass, the probability
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that a longer polymer chain absorbs more energy to generate polymer backbone radicals
is higher in comparison to chains with lower molecular mass. Moreover, longer polymer
chains are more limited in mobility by entanglement, through which the interaction to
create a crosslink to a neighboring polymer chain is reduced, and therefore, chain scission
reactions will be dominant.

Comparing the number average molar masses of virgin P3HB (PHB RT 0 kGy)
M, =118 667 £ 5 033 g/mol with the P3HB, to which the heating cycle for the irradi-
ation was applied (PHB 195 °C 0 kGy), a drop in the number average molar mass to
M, =12,800 £ 346 g/mol due to thermal degradation can be seen (see Figures 9 and 10a).
When applying irradiation to the P3HB in the molten state, an initial drop in the number
average molar mass to My = 9867 £ 351 g/mol for 50 kGy was determined. However, for a
dose of 100 kGy, the number average molar mass rises back up to M, = 11,000 & 346 g/mol
before dropping again for a dose of 150 to 9867 + 404 g/mol and increasing to
10,267 + 208 g/mol for 200 kGy. Since gel formation starts at 200 + 55 kGy, GPC mea-
surements might not account for higher molar mass fractions from crosslink formation.
Due to this, the real number and mass average molar mass My and My, for 200 kGy might
be higher. By comparing the course of the molar mass distributions of the samples ir-
radiated in a molten state in Figure 9b, a bulge for the sample irradiated with 100 kGy
(PHB 195 °C 100 kGy) for higher molar masses is evident and bimodality starts to de-
velop for 150 and 200 kGy. The rise in the mass average molar mass M,, (see Figure 10a)
and the changes in the course of the graph are indications of branching occurring for the
irradiation of P3HB in a molten state. The polydispersity of the samples irradiated in
the melt constantly increases with the dose, while the average molar mass stays constant
(see Figure 10a,b). For the relative molar mass in Figure 10, an increase to more than
350% for the mass average molar mass M,, can be seen. All of these are indications towards
branching, since for random chain scission the polydispersity should constantly decrease
as discussed above. The indications for branching reactions taking place in molten P3HB
under irradiation align themselves with suspicions in other research, where branching
occurred in poly(hydroxybutyrate-hydroxy valerate) (PHB/HV) depending on the ion
source used in a solid state [47].

intensity [a.u]

=——=RT 0 kGy =—RT 100 kGy =195 °C 0 kGy

— RT 25 kGy RT 150 kGy — 195 °C 25 kGy

==RT 50 kGy RT 200 kGy =) =—=195 °C 50 kGy
5, ——— 195 °C 100 kGy
.g 195 °C 150 kGy
5 \ 195 °C 200 kGy
=
£

10? 10° 10 10® 10° 10
molar mass [g/mol] molar mass [g/mol]

(a) (b)

Figure 9. Molecular weight distribution of P3HB. (a) shows the changes in molar mass for the
irradiation in the molten state at 195 °C and (b) for the irradiation at room temperature.
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Figure 11. Relative molar mass loss of P3HB under irradiation at room temperature (blue) and
irradiated in the molten state at 195 °C (red). At 0 kGy and 100%, data points overlap.

3.4. Rheology

Due to P3HB’s sensitivity towards thermal degradation, carrying out unrestricted
rheological characterization was not possible. As shown in Figure 2, thermal degradation
proceeds at different speeds regarding the initial molar mass [19]. This leads to different
degradation rates for different applied doses since molar mass is strongly affected by
irradiation. The differences in the melting point temperatures of up to 30 °C (see Figure 4)
in combination with the differences in molar masses (see Figure 10) complicate the com-
parability of the rheological measurements. For higher melting samples, temperatures
could not be lowered due to crystals forming in the melt, and for lower melting samples,
temperatures could not be raised because thermal degradation would increase severely,
and viscosity would lower to such an extent that no conclusive data could be obtained (see
Appendix A and Figure A2). The limited variety in temperatures for measurements also
did not allow a determination of master curves to directly compare the rheological prop-
erties in an overview. However, through frequency sweeps from 135 to 1 rad/s at 165 °C,
changes in the storage and loss modulus as well as the complex viscosity for doses between
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100 and 250 kGy applied in the molten state were determined (see Figure 12). For the sam-
ples irradiated at room temperature, the viscosity at 165 °C was too low for measurements
to reveal valid data, so no comparison was possible. The low bulk density of the P3HB
powder also led to problems. The low bulk density limited the amount of a sample’s mass
to 2 g per mold; therefore, only very thin discs could be obtained. The thin disc limited the
gap for rheological measurements severely. Adding more sample mass after melting led to
air inclusions in the discs, therefore making them unsuitable for rheological measurements.
Previous injection molding or pressing of the powder for irradiation treatment would add
additional thermal strain, leading to even more thermal degradation, even to the point
where effects of the irradiation in the molten state would no longer have any impact.

For an increasing dose of 100 to 150 kGy, the storage modulus, the loss modulus, and
the complex viscosity decreased (see Figure 12). For doses of 150 to 250 kGy, the storage
modulus increased for higher frequencies and decreased for lower frequencies. After
the drop from 100 to 150 kGy, the loss modulus and the complex viscosity increased for
150 to 250 kGy. Branching leads to an increase in complex viscosity, so the increase from
150 to 250 kGy can be interpreted as an increase in branching (see Figure 12c). This is
consistent with the data obtained from SEC (see Figure 9b), where a shift to higher mass
average molar masses My, can be seen for doses from 150 to 200 kGy. At around 200 kGy,
gel formation starts and gel content reached 5% at 250 kGy (see Figure 13a). For crosslinked
polymers, the complex viscosity should increase for lower frequencies and the slope of the
curve should increase. Likewise, the storage modulus should increase for lower frequencies
and the loss modulus should decrease overall when network formation sets in. This seems
not to be the case as seen in Figure 12. The network response is also dependent on the
phases and molar masses surrounding the network, influencing the changes in the course
of the moduli and the complex viscosity. A second factor is the low average molar mass My
below 1200 g/mol (see Figure 10a). The low molar mass fractions in the P3HB diffuse to
the sample—plate interface and hinder energy transfer into the material. These two factors
explain the disparity between the rheological results and data from SEC and the gel content.
Furthermore, a network content of 5% might not be high enough for this system to create a
proper response during rheological measurements.
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Figure 12. Storage (a) and loss (b) modulus, as well as complex viscosity (c) of P3HB irradiated in the
molten state with different doses.

3.5. Gel Formation and G Values

When irradiated at room temperature, no gel formation and therefore no crosslinking
in P3HB could be detected. For the irradiation in the molten state at 195 °C and doses
above 200 kGy, gel formation started to occur (see Figure 13a). For doses above 300 kGy, a
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maximum gel content of around 16% was reached. The Charlesby-Pinner plot is depicted
in Figure 13b and the solution is determined to be:

s+ /s = (147 £0.12) + (105.98 & 32.09) % )
With s + /s = 2 and according to Equation (9), the gel dose Dy is 200 + 55 kGy
for irradiation in a molten state. The large error obtained displays the limited viability
of the Charlesby—Pinner equation due to the polydispersity being higher than two (see
Figure 10). Since no gel dose value for P3HB can be found in the literature, comparing the
value obtained here to those of similar polyesters is necessary to put it into perspective. For
polylactide acid (PLA) irradiated in a molten state at 170 °C, a gel dose of around 150 kGy
can be found [15,24]. For the irradiation of 100% amorphous PLA above its glass transition
temperature, similar gel doses were reported [23]. Assuming similar chain mobility due to
the same side group in P3HB and PLA and taking into consideration that PLA also mainly
undergoes chain scission when irradiated at room temperature [48], it is argued that the
gel dose obtained for P3HB is reasonable.
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Figure 13. (a) shows the gel content of and (b) the Charlesby—Pinner plot for P3HB irradiated in the
molten state at 195 °C. For linear function of the plot refer to Equation (6).

Table 1 displays the molar masses of the virgin P3HB (PHB 0 kGy RT) and of the
non-irradiated P3HB after the heating cycle for irradiation processing (PHB 0 kGy 195 °C).
It is argued that by applying the molar mass of the virgin P3HB to the Charlesby—Pinner
equation to determine the G values, thermal degradation is not accounted for. When
performing the calculations with the molar mass of the heated P3HB, scission, due to
thermal degradation, also contributes, and therefore, G(S) is overestimated. Depending on
what molar mass M,, the determination of the G values is based on, the molecular mass
of the virgin P3HB or that after applying the heating cycle, different values for G(S) and
G(X) were obtained (see Table 1). In the literature, the values for G(S) in P3HB under
irradiation in a solid state range from 5.4 to 15.7 scissions/100 eV [15,16,36]. These values
were obtained through viscosity average molar mass determination in an Ostwald-type
capillary viscometer by dissolving the P3HB in chloroform. Compared to the literature, the
G(S) value of 10.45 scissions/100 eV, obtained from the molar mass of 12,800 =+ 346 g/mol
after applying the heating cycle, appears more realistic. However, a true determination
of a sole irradiation-based G(S) is not possible since the 10.45 scissions/100 eV include
thermal degradation. It is argued that the two G(S) values shown in Table 1 are the limits
to which the real G(S) value is located when irradiation is carried out in a molten state. A
similar argument applies to the G(X) values. For increasing molar masses, the G(X) value
decreases; however, in the case of higher chain mobility, due to decreasing molar masses,
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the G(X) value increases. Due to the applied heating for melting during the irradiation in
this study, the molar mass decreases and therefore the G(X) value increases. However, since
crosslinking reactions dominate in the range from 200 to 400 kGy, a shift to lower values
for G(S) and to higher values for G(X) seems plausible. This would shift the ratio of G(S)
and G(X) more towards crosslinking and therefore explain the gel formation. Form Table 1,
a range for the ratio of G(X)/G(S) from 0.04 to 3.14 can be calculated.

Table 1. G values of P3HB for irradiation in the molten state at 195 °C. Calculated from the Charlesby—
Pinner equation. Two values for M, were taken for the calculation to account for thermal degradation.
Adjusted G values are proposed to be in the range given in this table.

M, (g/mol) G(S) (Scissions/100 eV) G(X) (Crosslinks/100 eV)
118,667 & 5033 1.13+0.18 0.38 £0.12
12,800 £ 346 10.45 £ 1.64 3.55 + 1.08

The gel dose of 200 & 55 kGy reported in this work is higher than a potential gel
dose found by Bergmann et al. [11]. Bergmann et al. [11] reported indications for crosslink
formation in the amorphous phase of P3HB at a dose of 33 kGy. This discrepancy comes
down to thermal degradation. Comparing the molar masses in Table 1 shows a drop in
molar mass of around 90% when applying the heating cycle for irradiation. Therefore, a
higher dose and more energy are needed for the crosslink reactions to overcome the thermal
degradation. If thermal degradation is less severe, a lower gel dose for the irradiation in
the molten state will be reported.

For the irradiation at room temperature, the solutions to Equations (7) and (8) are
shown in Figure 14. The graphical solutions for the equations are

y= ((1.27 x 10—5) + (0.20 x 10—5)) 1 ((3.59 x 10—7) + (0.18 x 10—7)) D (10)
for Equation (7) with an R-squared of 0.99 and
y= ((3.12 X 10—6) + (0.91 X 10—6)) T ((1.03 x 10—7) + (0.08 x 10—7)) D 1)

for Equation (8) with an R-squared of 0.98. By inserting the values of the slope and the
y-intercept in Equations (7) and (8), a G(S) value of 4.1 & 0.5 scissions/100 eV and a G(X)
value of 0.6 & 0.2 crosslinks /100 eV for the irradiation at room temperature are obtained.
Comparing the G(S) for the irradiation at room temperature to the literature, the value
presented in this work (G(S) 4.1 & 0.5) is below the values of 5.4 to 15.7 scissions/100 eV
given [13,32,33] but lies in the range given in Table 1. Furthermore, the calculated G(S)
value for the irradiation at room temperature (4.1 £ 0.5) is found in the lower part of the
range (1.13 to 10.45) as proposed. This calculation is further proof that the assumptions
made for the Charlesby—Pinner plot to calculate the range for the G(S) value are valid. For
a better overview, G(S) values from this work and values given in the literature are also
displayed in Table 2. The calculated G(X) value for the irradiation at room temperature
of 0.6 £ 0.2 crosslinks /100 eV is also inside the range for G(X) 0.38 £ 0.12 to 3.55 & 1.08
shown in Table 1. It was proposed that the true G(X) value would be closer to the upper
limit of the range. At first sight, this seems not to be the case, but since the value of
0.6 £+ 0.2 crosslinks/100 eV was obtained from irradiation in a solid state, it does not
account for extended chain mobility in the melt. The higher chain mobility in the melt
enables radicals to find partners for interactions faster and more easily. Taking this into
account, 0.6 & 0.2 crosslinks /100 eV is also just a lower limit for the true G(X) value and,
furthermore, supports the arguments made for the considerations of the Charlesby-Pinner
plot, namely using the molar masses before and after the heating cycle for calculation.
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Figure 14. Solution of Equations (7) and (8) for P3HB irradiated at room temperature.

Table 2. Comparison of G values from this work and those obtained from literature. G(S) values
from [15,16,36] were obtained through the changes in the viscosity average molecular weight. All
films in this table were produced by solution casting.

Source This Work [16] [15] [36]
Material PHB PHB PHBV PHB PHB
ateria powder film film powder film powder film
irradiation temperature room 195 °C room temperature room temperature room temperature
temperature
G(S) (scissions /100 eV) 4.1 1.13 t0 10.45 15.7 12.9 15.7 5.4 5.9 6.0
G(X) (crosslinks /100 eV) 0.6 0.38 to 3.55 - - - - - -

4. Conclusions

In this work, we were able to induce branching and crosslinking in P3HB through
e-beam irradiation in a molten state and are closing a gap in science and the literature
concerning the irradiation of P3HB in a non-crystalline state. Through DSC, TGA, SEC,
and rheological measurements, we conclusively showed that branching reactions begin
to occur around 100 kGy. The gel dose was determined to be 200 £ 55 kGy and a max-
imum gel content of 16% was reached at around 300 kGy. The courses of branching
reactions as well as the course of network formation depending on the irradiation dose are
described. For the first time, thermal degradation during irradiation was taken into con-
sideration for G value determination and ranges for the G values were calculated, namely
1.13 to 10.45 scissions /100 eV for G(S) and 0.38 to 3.55 crosslinks /100 eV for G(X), and a
comparison of G values from this work to the literature is shown. P3HB’s sensitivity to
thermal degradation was the main limiting factor in this work concerning irradiation pro-
cessing at elevated temperatures as well as rheological characterization. In particular, the
molar mass decrease due to heating generated problems during rheological measurements,
making the obtained data difficult to compare. We, however, were able to correlate the
rheological measurements with insights from DSC, TGA, and SEC and therefore evince
conclusively the molecular and structural changes in PSHB when increasing irradiation in
a molten state.
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Appendix A
Appendix A.1. Thermal Analysis

The DSC curves of the first heating cycle of P3HB irradiated at room temperature and
in the melt are shown in Figure A1l. Important datapoints from the first and the second

heating cycles are displayed in Table Al. Datapoints from TG measurements are shown
in Table A2.

st cycle 2.5 F Fistoyce
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Figure A1. DSC curves of the second heating cycle (a) irradiation at room temperature and
(b) irradiation in the molten state at 195 °C. For the first cycle.
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Table Al. Datapoints obtained from DSC measurements from both cycles. Some of the DSC curves in Figures 4 and A1 show two peaks while melting. Main and
side peaks are listed separately.

heating rate first cycle
10 K/min heating cooling
Tm Tg Te
peak area main peak  minor peak onset end onset middle point  turning point end peak area peak onset end
sample U/gl [°cl [°ql [°cl [°cl [°cl °cl [°cl [°ql /gl [°Cl (°cl [°C]
PHB RT 0 kGy 1034 £ 52 177 £ 9 - 163 + 8 184 £ 9 - - - - -787 £ 39 8 £ 4 76 + 4 8 £ 4
PHB RT 25 kGy 971 £ 49 173 £ 9 - 161 = 8 178 £ 9 - - - - —-674 £ 34 75 £ 4 # £ 3 99 £ 5
PHB RT 50 kGy 989 £ 49 171 £ 9 - 162 = 8 176 £ 9 - - - - -740 £ 37 76 £ 4 59 £+ 3 8 £ 4
PHB RT 100 kGy 984 + 49 166 £ 8 - 158 + 8 170 £ 8 - - - - —677 £ 34 66 £ 3 51 + 3 8 £ 4
PHB RT 150 kGy 981 £ 49 163 £ 8 - 156 £ 8 167 £ 8 - - - - —696 £ 35 64 £ 3 # £ 2 91 £ 5
PHB RT 200 kGy 9.0 £ 48 161 =+ 8 - 154 £ 8 165 £ 8 - - - - —644 + 32 60 £ 3 # £ 2 8 + 4
PHB RT 250 kGy 933 +£ 47 159 £ 8 - 153 + 8 162 £ 8 - - - - -614 £ 31 57 £ 3 # £ 2 74 £ 4
PHB RT 300 kGy 898 £ 45 157 £ 8 - 152 + 8 161 £ 8 - - - - -526 £ 26 56 £ 3 # £ 2 71 £ 4
PHB195°C0kGy 1023 £ 51 171 £ 9 162 £+ 8 167 £ 8 173 £+ 9 - - - - -776 £ 39 77 £ 4 # £+ 3 8 £ 4
PHB195°C25kGy 961 + 48 168 £+ 8 157 £ 8 162 + 8 171 £ 9 - - - - -762 £ 38 76 £ 4 # £+ 3 84 £ 4
PHB195°C50kGy 971 + 49 165 4+ 8 153 £ 8 160 = 8 168 =+ 8 - - - -764 £ 38 70 £ 3 61 £ 3 79 £+ 4
PHB195°C100kGy 863 £ 43 161 + 8 147 £+ 7 157 £ 8 164 =+ 8 - - - - -728 £ 36 67 £ 3 56 £ 3 80 + 4
PHB195°C150kGy 735 £+ 37 156 + 8 141 + 7 152 £ 8 159 + 8 - - - - =581 £ 29 59 £ 3 # £ 2 72 £ 4
PHB195°C200kGy 712 + 36 154 + 8 137 + 7 150 + 8 156 £ 8 -7 £ 1 -2 + 1 -2 £ 1 2 £ 1 311 £ 16 54 £ 3 37 £ 2 69 £ 3
PHB195°C250kGy 610 £+ 30 149 + 7 130 + 7 143 + 7 152 + 8 -8 + 1 -2 ++ 1 -2 £ 1 2 £ 1 -120 £ 10 51 £ 3 35 +£ 2 66 =+ 3
PHB195°C300kGy 558 + 28 146 + 7 127 + 6 141 + 7 150 + 7 -9 + 1 -3 £ 1 -3 £ 1 1 £ 1 =27 £ 10 49 £ 2 # £ 2 62 =+ 3
second cycle
heating cooling
Tg Tee Tm Tg Te

onset middle point  turning point end peak area main peak onset end peak area main peak  minor peak onset end onset middle point  turning point end peak area peak onset end

[°Cl [°C] [°Cl [°Cl /8l [°Cl [°Cl [°Cl /8l [°Cl [°C] [°Cl [°C] [°C] [°C1 [°C] [°Cl 178l [°Cl [°C] [°Cl
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- - - - - - - - 876 + 44 165 +£ 8 153 +£ 8 159 £ 8 168 + 8 - - -746 + 37 76 £+ 4 56 4+ 3 98 £ 5
- - - - - - - - 827 £ 41 162 £ 8 149 £ 7 155 £ 8 165 £ 8 - - -733 £ 37 76 £ 4 54 £ 3 97 £ 5
0o + 1 2 =+ 1 3 + 1 4 £+ 1 26 + 10 48 +£ 2 39 + 2 5 +£ 3 785 +£ 39 159 +£ 8 145 + 7 152 £ 8 162 + 8 - - —657 + 33 63 +£ 3 48 4+ 2 90 £ 5
1 £ 1 3 % 1 2 * 1 4 £ 1 48 £ 10 48 = 2 40 £ 2 55 £ 3 771 £ 39 156 £ 8 141 £ 7 150 £ 7 160 = 8 - - -703 £ 35 75 £ 4 47 £ 2 98 £ 5
0o + 1 2 =+ 1 2+ 1 3 £ 1 -71 4+ 10 49 +£ 2 39 +£ 2 56 + 3 699 + 35 154 +£ 8 143 + 7 148 £ 7 158 £ 8 - - —624 + 31 66 =+ 3 4 £+ 2 94 £ 5
- - - - - - - - 100.7 £ 50 167 £ 8 156 £+ 8 150 £ 8 171 £ 9 - - -776 £ 39 75 £ 4 68 £ 3 8 £ 4
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- - - - -29 £ 10 49 £ 2 40 £ 2 55 £ 3 774 £ 39 152 £ 8 136 £ 7 144 £ 7 156 = 8 - - - —580 £ 29 58 £ 3 43 £ 2 71 £ 4
0o + 1 1 % 2+ 1 3 £ 1 -248 4+ 12 53 +£ 3 43 + 2 59 £ 3 770 +£ 38 150 +£ 7 132 +£ 7 141 +£ 7 154 £ 8 —-67 £ 1 -2 + 1 =27 &+ 17 £ 1 -387 + 18 54 + 3 37 + 2 71 + 4
0 £ 1 1 &£ 1 =+ 1 3 £ 1 -39 £ 20 5 + 3 47 £ 2 63 £ 3 667 £+ 33 146 £+ 7 126 £ 6 136 £+ 7 1561 £ 8 74 £ 1 -2 £ 1 -24 =+ 15 £ 1 -114 £ 06 50 £ 3 34 £ 2 66 =+ 3
-1 + 1 1 % 1 + 1 2 £ 1 498 + 25 59 +£ 3 49 4+ 2 65 +£ 3 633 + 32 140 +£ 7 123 + 6 133 £ 7 148 + 7 83 + 1 -3 £ 1 44 4+ 1 05 £ 1 -23 £ 01 49 + 2 34 £ 2 65 + 3
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Table A2. Data points from TG measurements.
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Appendix A.2. Rheology

Measurements for the virgin P3HB and the P3HB with one heating cycle for processing
applied are displayed in Figure A2. Both measurements were taken at the same temperature,
namely 185 °C, and the same procedure for the measurements was applied. It is evident
that due to the molar mass decrease in P3HB during the heating cycle, the melting points
of the two samples are so far apart that a direct comparison is not possible. It is also not
possible to measure master curves since the temperature range returning sensible data for
measuring is too narrow.

PHB 195 °C 0 kGy
measured at 185 °C
Bl modulus
0O loss modulus
B complex viscosity|

1073 ]

10*

modulus [MPa]
modulus [MPa]
[
o
N

PHB RT 0 kGy
measured at 185 °C:
M modulus
O loss modulus
B complex viscosity|

10°

complex viscosity [Pa.s]
complex viscosity [Pa.s]

(=Y
o
-

10° 10! 10? 10° 10° 10! 10?

angular frequency [rad/s] angular frequency [rad/s]

(a) (b)

Figure A2. Rheological measurement of P3HB before the heating cycle (a) and after the heating cycle
for irradiation processing (b).

References

1.

Sirohi, R.; Prakash Pandey, J.; Kumar Gaur, V.; Gnansounou, E.; Sindhu, R. Critical overview of biomass feedstocks as sustainable
substrates for the production of polyhydroxybutyrate (PHB). Bioresour. Technol. 2020, 311, 123536. [CrossRef] [PubMed]

Reddy, M.V,; Mawatari, Y.; Onodera, R.; Nakamura, Y.; Yajima, Y.; Chang, Y.-C. Bacterial conversion of waste into polyhydrox-
ybutyrate (PHB): A new approach of bio-circular economy for treating waste and energy generation. Bioresour. Technol. Rep.
2019, 7, 100246. [CrossRef]

Chavan, S.; Yadav, B.; Tyagi, R.D.; Drogui, P. A review on production of polyhydroxyalkanoate (PHA) biopolyesters by
thermophilic microbes using waste feedstocks. Bioresour. Technol. 2021, 341, 125900. [CrossRef]

Ganesh Saratale, R.; Cho, S.-K.; Dattatraya Saratale, G.; Kadam, A.A.; Ghodake, G.S.; Kumar, M.; Naresh Bharagava, R.;
Kumar, G.; Su Kim, D.; Mulla, S.I; et al. A comprehensive overview and recent advances on polyhydroxyalkanoates (PHA)
production using various organic waste streams. Bioresour. Technol. 2021, 325, 124685. [CrossRef]

Kratzl, F; Kremling, A.; Pfliiger-Grau, K. Streamlining of a synthetic co-culture towards an individually controllable one-pot
process for polyhydroxyalkanoate production from light and CO,. Eng. Life Sci. 2023, 23, €2100156. [CrossRef] [PubMed]
McAdam, B.; Brennan Fournet, M.; McDonald, P.; Mojicevic, M. Production of Polyhydroxybutyrate (PHB) and Factors Impacting
Its Chemical and Mechanical Characteristics. Polymers 2020, 12, 2908. [CrossRef]

Boey, ].Y.; Lee, CK,; Tay, G.S. Factors Affecting Mechanical Properties of Reinforced Bioplastics: A Review. Polymers 2022, 14, 3737.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.biortech.2020.123536
https://www.ncbi.nlm.nih.gov/pubmed/32448640
https://doi.org/10.1016/j.biteb.2019.100246
https://doi.org/10.1016/j.biortech.2021.125900
https://doi.org/10.1016/j.biortech.2021.124685
https://doi.org/10.1002/elsc.202100156
https://www.ncbi.nlm.nih.gov/pubmed/36619884
https://doi.org/10.3390/polym12122908
https://doi.org/10.3390/polym14183737
https://www.ncbi.nlm.nih.gov/pubmed/36145883

Polymers 2023, 15, 4072 20 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.
34.

35.

36.

Loépez-Rubio, A.; Lagaron, ].M. Improvement of UV stability and mechanical properties of biopolyesters through the addition of
[-carotene. Polym. Degrad. Stab. 2010, 95, 2162-2168. [CrossRef]

van der Walle, G.A.; de Koning, G.J.; Weusthuis, R.A.; Eggink, G. Properties, modifications and applications of biopolyesters.
Adv. Biochem. Eng. Biotechnol. 2001, 71, 263-291. [CrossRef] [PubMed]

Majerczak, K.; Wadkin-Snaith, D.; Magueijo, V.; Mulheran, P; Liggat, J.; Johnston, K. Polyhydroxybutyrate: A review of experimental
and simulation studies of the effect of fillers on crystallinity and mechanical properties. Polym. Int. 2022, 71, 1398-1408. [CrossRef]
Bergmann, A.; TefSmar, J.; Owen, A. Influence of electron irradiation on the crystallisation, molecular weight and mechanical
properties of poly-(R)-3-hydroxybutyrate. . Mater. Sci. 2007, 42, 3732-3738. [CrossRef]

Di Lorenzo, M.L.; Gazzano, M.; Righetti, M.C. The Role of the Rigid Amorphous Fraction on Cold Crystallization of
Poly(3-hydroxybutyrate). Macromolecules 2012, 45, 5684-5691. [CrossRef]

Pachekoski, WM.; Dalmolin, C.; Agnelli, ].AM. The influence of the industrial processing on the degradation of
poly(hidroxybutyrate)—PHB. Mater. Res. 2013, 16, 237-332. [CrossRef]

Krieg, D.; Sergeieva, O.; Jungkind, S.; Rennert, M.; Nase, M. Influence of E-beam irradiation on compounds from linear low
density polyethylene and thermoplastic vulcanized rubber consisting of a polypropylene and ethylene propylene diene monomer
rubber phase. J. Appl. Polym. Sci. 2023, 140, e53765. [CrossRef]

Oliveira, L.M.; Araujo, P.L.B.; Araujo, E.S. The effect of gamma radiation on mechanical properties of biodegradable polymers
poly(3-hydroxybutyrate) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate). Mat. Res. 2013, 16, 195-203. [CrossRef]

Oliveira, L.M.; Aragjo, E.S.; Guedes, S.M. Gamma irradiation effects on poly(hydroxybutyrate). Polym. Degrad. Stab.
2006, 91, 2157-2162. [CrossRef]

Parra, D.F; Rosa, D.S.; Rezende, J.; Ponce, P.; Lugao, A.B. Biodegradation of y Irradiated Poly 3-hydroxybutyrate (PHB) Films
Blended with Poly(Ethyleneglycol). |. Polym. Env. 2011, 19, 918-925. [CrossRef]

Radiation Effects on Biodegradable Polyesters; Malaysian Institute for Nuclear Technology Research: Kuala Lumpur, Malaysia, 1999.
dos Santos, A.J.; Oliveira Dalla Valentina, L.V.; Hidalgo Schulz, A.A.; Tomaz Duarte, M.A. From obtaining to degradation of PHB:
A literature review. Part II. Ing. Cienc. 2018, 14, 207-228. [CrossRef]

Rivas, L.E; Casarin, S.A.; Nepomuceno, N.C.; Alencar, M.I,; Agnelli, ] AM.; de Medeiros, E.S.; Wanderley Neto, A.d.O;
de Oliveira, M.P,; de Medeiros, A.M.; Santos, A.S.F.e. Reprocessability of PHB in extrusion: ATR-FTIR, tensile tests and thermal
studies. Polimeros 2017, 27, 122-128. [CrossRef]

Weinmann, S.; Bonten, C. Thermal and rheological properties of modified polyhydroxybutyrate (PHB). Polym. Eng. Sci.
2019, 59, 1057-1064. [CrossRef]

Seyed Khabbaz, H.; Garmabi, H. Modification of polylactide by reactive blending with polyhydroxybutyrate oligomers formed
by thermal recycling through ElcB-elimination pathway. Eur. Polym. . 2022, 166, 111043. [CrossRef]

Zhang, Y.; Miiller, M.T.; Boldt, R.; Stommel, M. Crystallinity effect on electron-induced molecular structure transformations in
additive-free PLA. Polymer 2023, 265, 125609. [CrossRef]

Huang, Y.; Briinig, H.; Miiller, M.T.; Wiefiner, S. Melt spinning of PLA /PCL blends modified with electron induced reactive
processing. J. Appl. Polym. Sci. 2022, 139, 51902. [CrossRef]

Dorschner, H.; Jenschke, W.; Lunkwitz, K. Radiation field distributions of an industrial electron beam accelerator. Nucl. Instrum.
Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2000, 161-163, 1154-1158. [CrossRef]

Geifller, U.; Dresden, D.E.; Hanke, R.; Dresden, D.E.; Korber, H.; Lappan, U.; Premnitz, D.E.; Lunkwitz, K. Physical and Chemical
Modification Apparatus for Material Samples Comprises a Housing with a Radiation Beam Window, Sample Table on a Support
and a Sample Pressure Applicator. DE19930742, 30 June 1999.

Puente, ].A.S.; Esposito, A.; Chivrac, F; Dargent, E. Effect of boron nitride as a nucleating agent on the crystallization of bacterial
poly(3-hydroxybutyrate). J. Appl. Polym. Sci. 2013, 128, 2586-2594. [CrossRef]

Charlesby, A.; Pinner, S.H. Analysis of the solubility behaviour of irradiated polyethylene and other polymers. Proc. R. Soc. Lond.
A 1959, 249, 367-386. [CrossRef]

Charlesby, A. Atomic Radiation and Polymers: International Series of Monographs on Radiation Effects in Materials, 1. Aufl.; Elsevier
Reference Monographs: Amsterdam, The Netherlands, 2016; ISBN 9781483181301.

Rosiak, ].M. Gel/sol analysis of irradiated polymers. Radiat. Phys. Chem. 1998, 51, 13-17. [CrossRef]

Olejniczak, J.; Rosiak, J.; Charlesby, A. Gel/dose curves for polymers undergoing simultaneous crosslinking and scission. Int. J.
Radiat. Appl. Instrumentation. Part. C Radiat. Phys. Chem. 1991, 37, 499-504. [CrossRef]

Hill, D.]J.; Preston, C.M.; Salisbury, D.].; Whittaker, A.K. Molecular weight changes and scission and crosslinking in
poly(dimethyl siloxane) on gamma radiolysis. Radiat. Phys. Chem. 2001, 62, 11-17. [CrossRef]

O'Donnell, . H. Chemistry of Radiation Degradation of Polymers; American Chemical Society: Washington, DC, USA, 1991; Volume 475.
Da Silva, D.C.P,; de Menezes, L.R.; da Silva, P.S.R.C.; Tavares, M.I.B. Evaluation of thermal properties of zirconium-PHB
composites. |. Therm. Anal. Calorim. 2021, 143, 165-172. [CrossRef]

McKee, M.G.; Unal, S.; Wilkes, G.L.; Long, T.E. Branched polyesters: Recent advances in synthesis and performance. Prog. Polym. Sci.
2005, 30, 507-539. [CrossRef]

Bibers, I.; Kalnins, M. Control of biopolymer poly-B-hydroxybutyrate characteristics by y-irradiation. Mech. Compos. Mater.
1999, 35, 169-178. [CrossRef]


https://doi.org/10.1016/j.polymdegradstab.2010.03.002
https://doi.org/10.1007/3-540-40021-4_9
https://www.ncbi.nlm.nih.gov/pubmed/11217415
https://doi.org/10.1002/pi.6402
https://doi.org/10.1007/s10853-006-1411-y
https://doi.org/10.1021/ma3010907
https://doi.org/10.1590/S1516-14392012005000180
https://doi.org/10.1002/app.53765
https://doi.org/10.1590/S1516-14392012005000173
https://doi.org/10.1016/j.polymdegradstab.2006.01.008
https://doi.org/10.1007/s10924-011-0353-x
https://doi.org/10.17230/ingciencia.14.27.9
https://doi.org/10.1590/0104-1428.2406
https://doi.org/10.1002/pen.25075
https://doi.org/10.1016/j.eurpolymj.2022.111043
https://doi.org/10.1016/j.polymer.2022.125609
https://doi.org/10.1002/app.51902
https://doi.org/10.1016/S0168-583X(99)00811-3
https://doi.org/10.1002/app.38182
https://doi.org/10.1098/rspa.1959.0030
https://doi.org/10.1016/S0969-806X(97)00254-5
https://doi.org/10.1016/1359-0197(91)90026-X
https://doi.org/10.1016/S0969-806X(01)00416-9
https://doi.org/10.1007/s10973-019-09106-7
https://doi.org/10.1016/j.progpolymsci.2005.01.009
https://doi.org/10.1007/BF02257247

Polymers 2023, 15, 4072 21 of 21

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

You, J.; Yu, W.; Zhou, C. Accelerated Crystallization of Poly(lactic acid): Synergistic Effect of Poly(ethylene glycol), Dibenzylidene
Sorbitol, and Long-Chain Branching. Ind. Eng. Chem. Res. 2014, 53, 1097-1107. [CrossRef]

Vahabi, H.; Michely, L.; Moradkhani, G.; Akbari, V.; Cochez, M.; Vagner, C.; Renard, E.; Saeb, M.R.; Langlois, V. Thermal Stability
and Flammability Behavior of Poly(3-hydroxybutyrate) (PHB) Based Composites. Materials 2019, 12, 2239. [CrossRef] [PubMed]
Herrera-Kao, W.A.; Loria-Bastarrachea, M.I1.; Pérez-Padilla, Y.; Cauich-Rodriguez, J.V.; Vazquez-Torres, H.; Cervantes-Uc, ].M.
Thermal degradation of poly(caprolactone), poly(lactic acid), and poly(hydroxybutyrate) studied by TGA/FTIR and other
analytical techniques. Polym. Bull. 2018, 75, 4191-4205. [CrossRef]

Aydemir, D.; Gardner, D.J. Biopolymer blends of polyhydroxybutyrate and polylactic acid reinforced with cellulose nanofibrils.
Carbohydyr. Polym. 2020, 250, 116867. [CrossRef] [PubMed]

Fintzou, A.T.; Kontominas, M.G.; Badeka, A.V,; Stahl, M.R,; Riganakos, K.A. Effect of electron-beam and gamma-irradiation on
physicochemical and mechanical properties of polypropylene syringes as a function of irradiation dose: Study under vacuum.
Radiat. Phys. Chem. 2007, 76, 1147-1155. [CrossRef]

Hassan, M.M.; El-kelesh, N.A.; Dessouki, A.M. The effect of gamma and electron beam irradiation on the thermal and mechanical
properties of injection-moulded high crystallinity poly(propylene). Polym. Compos. 2008, 29, 883-889. [CrossRef]

Kolahchi, A.R.; Kontopoulou, M. Chain extended poly(3-hydroxybutyrate) with improved rheological properties and thermal
stability, through reactive modification in the melt state. Polym. Degrad. Stab. 2015, 121, 222-229. [CrossRef]

Fei, B.; Chen, C; Chen, S.; Peng, S.; Zhuang, Y.; An, Y.; Dong, L. Crosslinking of poly[(3-hydroxybutyrate)-co-(3-hydroxyvalerate)]
using dicumyl peroxide as initiator. Polym. Int. 2004, 53, 937-943. [CrossRef]

Schmack, G.; Kramer, S.; Dorschner, H.; Gliesche, K. Effect of electron irradiation on the properties of poly(3-hydroxybutyric acid)
fibres and their in vitro degradation. Polym. Degrad. Stab. 2004, 83, 467-472. [CrossRef]

Effects of gamma irradiation on the molecular structure and mechanical properties of biodegradable polymer
poly(hydroxybutyrate). In Proceedings of the 2005 International Nuclear Atlantic Conference—INAC 2005, Santos, SP, Brazil,
28 August-2 September 2005.

Rouxhet, L.; Legras, R. Modifications induced by swift heavy ions in poly(hydroxybutyrate-hydroxyvalerate) (PHB/HV) and
poly(e-caprolactone) (PCL) films. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2000, 171, 487—498. [CrossRef]
Nugroho, P.; Mitomo, H.; Yoshii, F.; Kume, T. Degradation of poly(l-lactic acid) by y-irradiation. Polym. Degrad. Stab.
2001, 72, 337-343. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/ie402358h
https://doi.org/10.3390/ma12142239
https://www.ncbi.nlm.nih.gov/pubmed/31336793
https://doi.org/10.1007/s00289-017-2260-3
https://doi.org/10.1016/j.carbpol.2020.116867
https://www.ncbi.nlm.nih.gov/pubmed/33049817
https://doi.org/10.1016/j.radphyschem.2006.11.009
https://doi.org/10.1002/pc.20464
https://doi.org/10.1016/j.polymdegradstab.2015.09.008
https://doi.org/10.1002/pi.1477
https://doi.org/10.1016/j.polymdegradstab.2003.08.008
https://doi.org/10.1016/S0168-583X(00)00313-X
https://doi.org/10.1016/S0141-3910(01)00030-1

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Optical Inspection of Samples after Irradiation 
	Thermal Analysis 
	Molecular Mass and Branching 
	Rheology 
	Gel Formation and G Values 

	Conclusions 
	Appendix A
	Thermal Analysis 
	Rheology 

	References

