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Blending PHBV with P(3HB-co-4HB) for Superior Thermal Stability,
Mechanical Strength, and Environmental Degradation

Ana Carolina Lemos de Morais,>? Allef Gabriel Fortes da Silva,? lago Rodrigues de Abreu, Corinne
van Noordenne-Bos,? Vincent S. D. Voet,? Rudy Folkersma,® Katja Loos &*

Polyhydroxyalkanoates (PHAs) hold significant potential as sustainable alternatives to fossil-based plastics because of their
biobased origin and inherent biodegradability. Poly-3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV) is a well-known
commercial member of the PHA family characterized by good mechanical resistance and thermal behavior similar to that of
some conventional polymers, such as polypropylene. However, its high crystallinity and fragility limit its application. Poly3-
hydroxybutyrate-co-4-hydroxybutyrate (P(3HB-co-4HB)) is a new commercial copolymer containing a 4-hydroxybutyrate
(4HB) segment that provides increased flexibility because of its amorphous phase. In this study, PHBV and P(3HB-co-4HB)
were blended by extrusion, varying the percentage of P(3HB-co-4HB) to improve the PHBV properties without losing the
PHA assets and potentializing the insertion of this biopolymer in the market. The results indicate that the impact energy
required for fracture was increased in the polymer blends. These blends exhibited greater thermal stability than pure PHBV,
with no significant changes observed in the melting and crystallization temperatures. Furthermore, blending was found to
reduce shrinkage in injection-molded samples. The degradation in the soil increased, with the highest P(3HB-co-4HB)
content. Through 3D printing, it was observed that the blends led to an increase in the melt flow index and a reduction in
warpage in the printed objects, thereby facilitating the processing of these materials. Consequently, incorporating P(3HB-
co-4HB) into PHBV has emerged as a promising strategy to address the inherent limitations of PHBV. This approach not only
enhances the mechanical properties and thermal stability but also improves the overall processability, thereby expanding
the potential applications of this biopolymer blend.

polyethylene (PE) 7, Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate), also known as PHBV, is one of the most
common PHA family members 8°. Owing to its malleability and

The polymeric materials industry is responsible for producing
over 380 million tons of plastic annually, with an annual growth
rate of approximately 4%!. A significant portion of these
polymers are eventually discarded on land, with a substantial
amount subsequently entering marine environments. Notably,
around 80% of ocean plastics originate from land-based sources
12, highlighting the critical need for widespread adoption of
biodegradable polymers across various industries. Integrating
these materials alternatives into society is crucial in fields such
as agriculture 3, engineering 4, health 5, and packaging °.

Polyhydroxyalkanoates (PHAs) are a family of biodegradable
polymers naturally produced by various bacterial groups and
are classified as natural polyesters. Typically, they exhibit
hydrophobic characteristics and are resistant to hydrolytic
degradation. While their mechanical properties depend on their
chemical structure, PHAs are generally more brittle and have
lower elongation at break compared to polypropylene (PP) and
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ease of processing, this copolymer has been extensively studied
and employed across a wide range of applications. Its
biocompatibility makes it particularly valuable in the field of
biomedicine, while its potential to contribute to the
development of environmentally sustainable packaging and
electronic materials further underscores its importance 101,

In addition  to PHBV, poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) [P(3HB-co-4HB)] is currently recognized as
one of the most promising polymers of the PHA family owing to
its mechanical properties, including superior elongation at
break, as well a range of physical properties from
semicrystalline to elastic rubber additionally the noteworthy
thermal characteristics, such as melting points glass transition,
adjustable with 4HB amount variation into the copolymer!?13,
Its inherent biodegradability and biocompatibility further
increase its suitability for in vivo biomedical applications,
making it an excellent candidate for advancing this field 1214, In
addition, it can be synergistically combined with other polymers
to provide better performance properties >. Compared with
other polymers from the PHA class, P3HB-co-4HB has an
excellent in vivo biodegradation rate in addition to superior
elongation at break and tensile strength 6. The monomers of
this copolymer are naturally occurring metabolites in mammals;
3-hydroxybutyrate (3HB) monomers can be found in ketone
bodies in the bloodstream, whereas 4-hydroxybutyrate (4HB)
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monomers can be found in tissue extracts from the brain, heart,
and other organs, such as the lungs and kidneys 7.

Blending processes provide a promising method for enhancing
the thermal and mechanical properties of polymers. In
particular, blending PHAs with other polymers has proven
effective in improving these properties while keeping the
overall cost of the final product relatively low. To maintain
biodegradability, it is recommended to blend PHAs with other
biodegradable polymers, ensuring that the resulting material
retains its eco-friendly characteristics. Therefore, it is crucial to
select polymers from the same classification to safeguard
biodegradability 181°, Such combinations may create
complementary properties, such as pairing one polymer with
high crystallinity with another having an amorphous structure.
This study developed and assessed blends of PHAs, using PHBV
as a matrix, while varying the amount of P(3HB-co-4HB) to
enhance their mechanical, thermal, and degradability
properties. The main goal is to expand the range of potential
applications for these materials by employing an easy industrial
approach that focuses on improving the PHBV properties while
maintaining its intrinsic identity, with a particular emphasis on
their utilization in the fields of packaging disposable plastics.
Furthermore, this research highlights the potential to increase
the market appeal of PHBV as a sustainable alternative by
demonstrating that commercially available PHAs can be
effectively utilized through a straightforward methodology to
improve their mechanical and thermal properties significantly.

Experimental

The materials utilized for the production of the polymer blends
included PHBV Enmat Y1000P, sourced from TianAn Biologic
Materials. This polymer exhibited the following properties: a
tensile strength of 39 MPa, a Young's modulus ranging from
2800 to 3500 MPa, and a melting point of 166°C. Additionally,
the study employed PHAx 10007 (PX), a commercial blend
consisting of 50% P(3HB-co-4HB) and 50% PHBV, in which the
P(3HB-co-4HB) copolymer consists of 50% 3HB and 50% 4HB,
obtained from PHARADOX®© and supplied by Helian Polymers
BV. According to the distributor, this blend possesses a tensile
strength of 15 MPa, a Young's modulus of 713 MPa, and a
melting point between 150 and 160°C.

The blends were produced in a two-screw extruder, with an L/D
of 43 and D of 25 mm, from Krauss Maffei Berstorff. Before the
blends were produced, all the materials were dried in a vacuum
oven at 60°C for 24 h. A gravimetric feeder type Gravinet GP
controller with Labline feeders from Motan (Colortronic) was
used to feed and dose the materials into the extruder. The
rotational speed of the screws was set at 300 rpm, and the
temperatures used were 45, 150, 190, 180, 180, 180, 180, 180,
and 170°C from the hopper to the die. After processing, the
compositions obtained (Table 1) were immediately water-
cooled and pelletized, and only the pure PX needed to be
pelletized 24 hours after being water-cooled due to slow
crystallization.

2| J. Name., 2012, 00, 1-3

Table 1. Compositions of PHAx 10007 and PHBV blends prepared by extrusion, expressed

in mass (%) and, in terms of copolymer composition of P(3HB-co-4HB) and PHBV (%) in
the blends. View Article Online

DU TU TUSTITUSFDUUUSS

blends composition [%] copolymers composition[%]

Identification  PHAx PHBV P(3HB-co-4HB) PHBV
10007

PX 100 0 50 50
PHBV 0 100 - 100
PHBV_10PX 10 90 5 95
PHBV_20PX 20 80 10 %0
PHBV_30PX 30 70 15 85
PHBV_40PX 40 60 20 80
PHBV_50PX 50 50 25 75

After extrusion, the pellets were dried in a vacuum oven
overnight at 70°C. A 30 mm cylinder Engel E-Mac 50 injection
molding machine was subsequently used for the injection
molding process to produce samples for mechanical testing and
shrinkage analyses. In the machine, the temperatures were
145°C, 170°C, 180°C, and 175°C in Zone 4, the injection pressure
was 600 bar, the dosage was 36 cm?3, the injection speed was
set at 16 cm 3/s, the holding pressure was set at 400 bar, the
mold temperature was set at 55°C, and the cooling time was 25
s.

Films were also produced to perform the biodegradation test.
For this purpose, the blends were subjected to
thermocompression via a Fontijne Presses machine, model
LabEcon 600. The temperature and pressure were 185°C and
37.5 kN, respectively.

FTIR spectra of the polymer films were obtained in the range of
4000-500 cm! on a Nicolet Summit Pro spectrometer (Thermo
Fisher Scientific) via an ATR Crystal accessory.

PHBV and the blends were subjected to thermal analysis via DSC
on a TA Instruments Discovery DSC 25 instrument under a
nitrogen atmosphere, with the temperature varying from -50 to
190°C. The degree of crystallinity was determined via the
equation bellow (1):

X%=(( AHm

PHBV,, AHp) *100) 1)

where H,, is the melting enthalpy of the system, PHBV,, is the
polymer weight fraction in the sample, which only accounts for
the presence of 4HB, and AHp is the melting enthalpy of the
supposedly 100% crystalline polymer, for which the PHBV is 146
J/g (Carli, Crespo, and Mauler, 2011). Thermogravimetric
analysis was conducted via a TGA5500 instrument from TA
Instruments under a N, atmosphere with a scanning range of 0—
700°C and a heating rate of 10°C/min.

X-ray diffraction (XRD) was evaluated via a Bruker X-ray
diffractometer (model D6 phaser). The incident radiation used
was Cu-Ka (A = 1.5406 A). The sweep was selected between 5
and 45° (26) at a speed of 2°/min at a power of 40 kV/30 mA.
Through XRD, for comparison with the DSC values, the degree
of crystallinity was calculated from the peak areas. The
calculations were conducted via Equation 2:

X% = (&) *100 (2)

Atotal

This journal is © The Royal Society of Chemistry 20xx
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where YAp is the sum of all peak areas and Atotal, is the total
area of the spectrum. This analysis was performed via Origin Pro
software from OriginLab Corporation.

Tensile testing followed ISO 527 standards on a Zwick UPM
14740 ZMART. To evaluate the mechanical properties of the
samples, a PRO Zwick BZ1-EXZW013 machine with
an extensometer was used. The samples were tested through
an axial force; the thickness and width were measured, and at
least five measurements were carried out for each material. To
analyze the impact resistance properties, 10 notched samples
of each compound were subjected to Charpy impact tests on a
Zwick PSW B5113.300 machine following ISO 179-1 standards.
The shrinkage of the 60x60 mm square-injected molded
samples was analyzed. The measurements took place 1 h, 24 h,
7 days, and 21 days after the injection; the values were obtained
in the flow direction and against the flow direction. Thus, the
shrinkage values were calculated according to the dimensions
via the following formula:

ch_ Xsp
Xome (3)

S=
where S is the shrinkage, Xmc is the dimension (length or width)
of the mold cavity, and Xsp is the dimension of the sample. The
measurements were taken via a Mitutoyo Absolute digital
measuring clock with an accuracy of 0.02/+.0010, in which 3
measurements were taken for each dimension. This
methodology and graphics trends line were based on the
methods of Kosciuszko, Marciniak, and Sykutera (2020) 2°,

The soil biodegradation test was based on the ISO 16929
standard, which is a crucial step in the ASTM D6400 evaluation
process, in addition to other studies 2123, for 16 weeks. For the
soil preparation, 90% of the garden soil was mixed with 10%
active compost. The moisture of the soil mixture was adjusted
and maintained at 80% or more of the maximum amount of
water the soil could hold, and its weight was checked during the
experiment. After that, the mixed soil and films that were being
degraded were placed in aluminum boxes and sealed. Weight
loss was used to measure biodegradation via Equation (4).
Weight loss (%) = M11;11M2 * 100 (4)
where M1 is the initial weight obtained before biodegradation
and M2 is the final mass obtained after biodegradation. The
samples were washed with water to remove any soil residue,
dried for 24 hours to remove excess moisture, and weighed
again to assess weight loss due to biodegradation. Photos were
made of the degradaded films using the iphone 11 smartphone
camera
For the 3D printing analyses, all the compositions used to
produce monofilaments were processed via an extruder 3Devo
Composer 450 filament maker. The temperatures for PHBV and
the blends were 165°C, 180°C, 180°C, and 175°C in the 4
temperature zones; the PX needed a temperature reduction of
165°C, 170°C, 170°C, and 175°C; the screw speed was 4 rpm; the
puller and winder were automatically adjusted; and the fan
speed was 100%.

This journal is © The Royal Society of Chemistry 20xx
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For all the 3D printing analyses, a 3D printer, Mass Portal

Pharaoh ED 30, was used with a 0.40 mm output extruder
\iew Article Online

nozzle. The slicing program used to ‘i%‘l‘-’?&()%@/ﬂ? 5;nto
instructions that a 3D printer can understand was simplified to

3D, and other parameters used for printing are described in
Table 2.

The first test of printability was performed according to the
literature 24, where calibration towers were produced at
different temperatures in specific zones. It was possible to
evaluate parameters such as string, bridging, and adhesion on
the bed. The model used for this test, which was downloaded
from the site https.//www.thingiverse.com and was accessed in
March 2023 25, is shown in Figure 1. Based on DSC analysis and
the literature?®, the temperatures were set from highest to
lowest. The tower was composed of eleven zones, set from
225°C to 175°C with steps of 5°C.

Table 2. Parameters configured for 3D printing via simplified 3D software.

Filament diameter (mm) 1.75

Nozzle (mm) 0.4

Layer thickness (mm) 0.2

Printing speed (mm/s) 50
Printing temperature (°C) 225-175

Bed temperature (°C) 80

Fan speed (mm/s) 100

Brimm (layers) 15

Infill (%) 20

Adhesion spray YES

Fig 1. Design photo of the calibration tower

To quantify the warping effect on the printed parts, a coefficient
was determined based on the literature 27. A part with a
theoretical height of 3 mm was used to carry out the test. The
coefficient was calculated according to Equation 5 using the
ratio of the theoretical sample size to the actual printed size.

Total theoretical height of the sample (3 mm)

Warping Coef fient =

Maximum Height reached by the sample (5)

After printing started, the process was visually monitored until
the part was detached from the printing table. The value of the
maximum real height up to that point was then noted for the

J. Name., 2013, 00, 1-3 | 3
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calculations. The printing temperature was set at 190°C, and the
printing platform was used without adhesive spray.

A statistical analysis was performed on the results of the tensile
and impact tests. The significance of the differences between
the groups, given as p<0.05, was calculated via analysis of
variance (ANOVA), followed by the Tukey test via OriginLab
2023b software.

Results and discussion

The blends consisting of PHBV and PX were successfully
produced by extrusion, and all the compositions were analyzed
by FTIR. Figure 2 shows the FTIR spectra for all the compositions
produced. The pure PHBV shows bands at 2978 and 2923 cm?
attributed to the stretching vibrations of the C-H group 2%. The
bands at 1740 cm™ and 1718 cm™ represent the deformation of
the ester group (C=0) in the two groups, respectively, for the
amorphous region and the crystalline region 2°. The bands at
1452 and 1379 cm indicate the stretching vibrations of the -CH
groups 30. The bands 1261, 1225, and 1181 cm™ refer to the
symmetrical and asymmetrical stretching of the C-O-C group,
respectively 31.

.‘
-
e

g

Absorbance (arb. units)
]

PX

PHBV
PHBV_10PX
PHBV_20PX
PHBV_30PX

C Stretching

{ C-H Stretching
0 Deformation

¢
{

E_;_“f_“
=

g%

é

d 1181 cm™

978 and 2923 cm™
1740 and 1718 cm/

T
4000 3500 3000 1500 1000 500

Wavenumber (cm™)

Fig 2. FTIR spectra of the blends prepared by extrusion: PX, PHBV, PHBV_10PX,
PHBV_20PX, PHBV_30PX, PHBV_40PX, and PHBV_50PX.

The FTIR spectrum of PX shows that most of the peaks are
completely similar to those of PHBYV, indicating that they have
comparable structures and bonding, with only the intensities of
the absorbance bands varying. This intensity variation is
characteristic of P(3HB-co-4HB) 32. The intensities of the peaks
increased proportionally with the addition of PX to the PHBV.
Similar results were reported by Ong, Chen, and Don (2023) 33
for a blend of polylactic acid (PLA) and P(3HB-co-4HB), in which
FTIR indicated an increase in the intensity and appearance of
P(3HB-co-4HB) bands proportional to their addition and a
decrease in the intensity of the PLA peak.

Wang et al. (2010) 34 developed blends of PHBV and P(3HB-co-
4HB), in which Fourier transform infrared spectroscopy (FTIR)
analysis revealed that increasing the content of P(3HB-co-4HB)

4| J. Name., 2012, 00, 1-3

increased the interactions with PHBV. However, the findings of
the present study contrast with this observation, as a reduction
in the intensity of the bands was obserg%ql %lggzg)vé%ggg%ggiof
P(3HB-co-4HB). The authors also reported that PHBV plays a
crucial role in the helical molecular configuration and
crystallization of the P(3HB-co-4HB) network, where two "left-
handed" helical molecules are aligned with their ester groups in
an antiparallel orientation. As the content of P(3HB-co-4HB)
increases, the separation of the two helices in the antiparallel
direction occurs, which limits their deformation 343>, The
spectrum presented in Figure 2 shows no significant shift in the
bands or the formation of new bands. This observation may
suggest the immiscibility of the blend, potentially due to the
absence of chemical interactions following melt blending, as
indicated in the literature. Alternatively, this lack of change
could also be attributed to the structural similarity between the
PX and PHBV components. Consequently, the FTIR analysis
alone does not provide a definitive conclusion regarding the
miscibility of these biopolymers 3637

The thermogravimetric analysis (TGA) and differential
thermogravimetric analysis (DTG) results for the pure polymers
and all the produced components are displayed in Figure 3 and
Table 3, respectively. The degradation temperature of pure
PHBV was in the range of 218°C for Tsy and 257°C for Tengset
which is lower than that reported in the literature 3840,
Rodriguez-Uribe et al. (2021) 4! reported that the initial
degradation temperature of PHBV is 238°C; however, rapid
degradation with weight loss is characteristic of PHBV. The
thermal degradation process of PHBV is directly linked to the
random chain scission of ester groups, resulting in the
decomposition of the ester ring into six members, thus
suppressing P-hydrogen to generate olefins and altered
oligomers 42.

The PX has an onset temperature of 275°C and an endset
temperature of 305°C. This temperature range is in agreement
with works in the literature, such as Omura et al. (2021) %3, who
evaluated the thermal degradation of P(3HB-co-16 mol%-4HB)
under various heating ramps in which decomposition occurred
only in a single stage. Han et al. (2012) 44 created composites
with a matrix of P(3HB-co-4HB) and silica and discovered that
the polymer undergoes thermal decomposition during
processing, making melting difficult and emphasizing the
importance of using materials that improve thermal stability.
Blending of PHBV and PX increased the thermal stability of the
blends, following the PX trend. However, the increase did not
show linear behavior, so the degradation temperatures varied
among the percentages of all blends, emphasizing the
PHBV_50PX that reached the highest temperature. However,
given the blends' degradation temperature ranges, these
variations are considered insignificant.

This journal is © The Royal Society of Chemistry 20xx
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100 - - This behavior of increased thermal stal&i&yl&ll%%véj%@;%%f%d
(a) L2 A by Kovalcik et al. (2021) 4>, who developed blends of P(3HB-co-
50 EEE%EEE 4HB) and PLA, in which they reported that 'the blend between
. PHBV 50PX the two polymers was the most stable material among the other
2 compositions evaluated using only plasticizers. Feijoo et al.
§ 60 - (2022) 46 developed PHBV/PHBH blends by evaluating general
E properties, particularly their thermal properties. The MCL-PHA
% 40 4 side chains, which sterically block the distribution of the six-
= membered transition structure, are responsible for the
observed improvement in thermal stability when the PHBH

g 20 content is increased.

_ g The thermal transitions of the blends were evaluated via DSC.
z B 0 Figure 4 shows the cooling (a) and second heating (b) curves of
§ ‘g_ 100 200 300 400 500 600 700 PHBV anf:l PX pure and their' blends. The first and' second he..ating
g g Temperature (°C) .and cooling values and their respective enthalpies are deplcFed
; P> . in Table 4. For all blends, the PX curves show the formation
§ & (b) of two melting peaks on the first heating curve. The observed
g g behavior is explained by secondary crystallization, which occurs
5 g o " when a polymer recrystallizes after processing. In this scenario,
B % :; the polymer chains tend to relax into a lower energy state,
g E BS— allowing for increased crystallization #7.

2 8 ﬁ, 5 The crystallization rate is measured using the cooling
og s i crystallization curves. The blends presented a slight reduction in
§ S = the crystallization temperature for the compositions with PX
% La)s 5 inserted. This behavior is expected due to the presence of PX,
5:' -g sl EE§¥ o which has a lower crystallization temperature than PHBV. This
% .5 ::§¥:§3§§ difference arises from its amorphous phase and the increasing
° PHBV_40PX 4HB content in the composition, which reduces the spherulitic
B § 4 PHBV_50PX . . .
B = - growth rate. The increased stereo-hindrance effect of the side
E ﬁ 100 200 300 400 500 600 700 groups delays solidification slightly*.

P % Temperature (°C)

' .2 Fig 3. Thermogravimetric analysis (a) of PHBV, PX, and their blends in different

< |-E compositions and derivative thermogravimetry (b).

:

&

o

Table 3. The thermal decomposition characteristics of PHBV, PX, and their blends with varying PX contents.

& Compositions Onset (°C) Peak (°C) Endset (°C) T5% T25% T50% T75%
PHBV 198.3 240.7 256.5 218.0 2335 242.6 250.3
PHBV_10PX 218.4 285.5 295.5 259.5 276.4 284.4 290.1
PHBV_20PX 230.9 287.8 297.4 266.9 280.8 287.6 292.6
PHBV_30PX 230.1 286.3 297.1 262.6 277.2 285.2 291.4
PHBV_40PX 220.5 280.8 294.1 2435 263.4 275.9 285.5
PHBV_50PX 234.5 290.7 301.6 267.6 282.8 290.3 296.2
PX 232.9 289.7 304.8 266.5 281.1 289.8 298.0
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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Fig 4. Differential scanning calorimetry (DSC) curves for pure PHBV and PX and their blends: (a) after the 2nd heating cycle and (b) after cooling.

Furthermore, DSC revealed that the crystallization and crystal
melting temperatures slightly increased for the aforementioned
compositions (10 and 20%). These findings might be related to
the lower degree of crystallinity of PX. The literature reports
that HB units act as defects, altering the packing of the 3HB
network more than HV units do 4.

During the second heating stage, as the amount of PX in the
blend increases, the melting points remain relatively
unchanged, and the blends lack the second melting peak
observed in pure PX. This can be attributed to the dominance of
the crystalline phase of PHBV. The high 4HB content in PX
highlights the incompatibility in forming two-phase crystals,
resulting in broadened melting peaks and additional transitions

at higher temperatures 4°. The absence of distinct double
melting peaks in the blends suggests strong interactions
between the two copolymers, likely due to their similar
molecular structures. Both PHBV and PX have a low HV content
of approximately 2%-3%, making 3HB the primary contributor
to the crystallization response. The observation of a single
crystallization peak indicates effective blending and higher
crystallinity, as only one unified crystallization phase is
present?®’.

Table 4. Thermal transition temperatures with their respective enthalpy energies for PHBV, PX, and their blends, as determined via DSC.

Sample 1° Heating Cooling 2° Heating
Tm [°C] AHmM[J/g] Tc[°C] AHc[J/g] X% Tm [°C] AHmM[)/g]

PHBV 170.5 87 123.6 -87 66.2 173.1 97
PHBV_10PX 171.3/177.6 77 119.9 -78 61.5 173.8 90
PHBV _20PX 171.0/176.8 82 119.5 -78 62.5 173.3 91
PHBV_30PX 169.2/175.6 73 117.3 -73 63.1 172.0 80
PHBV_40PX 167.8/175.2 71 116.1 -69 61.3 171.0 79
PHBV_50PX 167.2/175.6 65 115.3 -60 64.0 170.6 73
PX 166.6/174.5 50 106.9 -41 50.2 167.4/175.7 55

XRD, shown in Figure 5, was used to identify the crystallographic
planes in the pure polymers and blends at various percentages,
and similar diffraction peaks were visible in each sample. The
diffractograms show diffraction peaks characteristic of PHBV at
approximately 26 =13.4°,16.8°, and 20.1°, corresponding to the
(020), (110), and (100) crystallographic planes of the
orthorhombic structure of the PHB unit cell, respectively, and
peaks at 20.1°, 21,5° 22.6°, 26.7°, and 27.1°, corresponding to

the (101), (111), (121), (130), and (040) planes, respectively
26,50,51

6 | J. Name., 2012, 00, 1-3

An increase in the percentage of PX polymer in the blends did
not result in changes in the main peaks reported for the PHBV
phase; however, the intensity of the peak at 26.7° was
suppressed in the blends. The lack of a shift in the peaks
compared with those of the pure polymers suggested that
adding PX to the PHBV matrix did not significantly change the
crystallization kinetics, since both polymers have P3HB as the
domain, which results in crystal formation; thus, mixing these
polymers suggests that the lattice crystal structure remains
unchanged>2.

This journal is © The Royal Society of Chemistry 20xx
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Fig 5. XRD patterns for PHBV and PX and their blends with different contents of PX

PHB, PHYV, share a
orthorhombic crystalline structure, differing only in their lattice
parameters. For copolymers, PHBV crystallizes in either the PHB
or PHV lattice, depending on the 3HV content, with the
transition occurring below 37 mol%. A similar trend is observed
in P(3HB-co-4HB), where the shift to the 4HB lattice takes place
at approximately 50 mol% of the 4HB comonomer 18.

Table 5 presents the degrees of crystallinity X, (%) for all the
blend compositions calculated by the XRD peak areas.
Incorporating PX into the blend did not result in significant
changes in the degree of crystallization. Moreover, the obtained
values are consistent with those observed in the DSC analysis
compared with the crystallization degree values. This
consistency indicates that the thermal properties of the
PHBV_50PX blend closely resemble those of pure PHBV.

and P4HB homopolymers similar

Table 5. Degrees of crystallinity (X. %) of all blends, PHBV, and PX polymers.

PHBV 63.6

PX 64.6
PHBV _10PX 68.8
PHBV _20PX 67.2
PHBV _30PX 65.5
PHBV _40PX 66.8
PHBV _50PX 67.8

The results from the X-ray diffraction (XRD) analysis were
consistent with the differential scanning calorimetry (DSC)
results, regarding the degree of crystallinity for all compositions
tested. The crystallinity values obtained from both DSC and XRD
indicate that mixing PHBV and PX did not alter the crystallization
mechanism. This is because both polymers share a similar
structural composition, with a domain from 3HB, which
influences their crystallinity behavior 3°. Concerning the most
important thermal properties, the DSC analysis reveals a
decrease in melting enthalpy alongside an increase in PX

This journal is © The Royal Society of Chemistry 20xx
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content, as well as the reduction of the crystallization
temperature, as detailed in Table 5-Déﬁl9d_t£8£ﬁ£:§§b%§m D
patterns in Figure 5 show variations in peak intensity,
particularly at 26.7°. These findings indicate an increase in the
amorphous phase within the blend with higher PX
concentrations, primarily due to the contribution of 4HB*6:53,
Thus the overall crystallinity of the blends reduced with the
inclusion of P(3HB-co-4HB) copolymer present in PX.

To assess the mechanical behavior of the blends, Figure 6 shows
the results from the tensile and impact tests, the corresponding
values with the statistical analyses are detailed in the
supplementary information (Table S1). The pure PHBV
exhibited a tensile strength of 42.9 MPa and an elongation at
break of 1.2%, which is consistent with findings from previous
studies 32543 These results indicate that PHBV demonstrates
low-strain behavior, which is characteristic of brittle fracture ¢
This brittleness is attributed to the crystalline structure of PHBV
57,58 The impact resistance value of pure PHBV, which was the
lowest among the samples tested, further corroborates this
behavior. Although the statistical analysis did not reveal
significant differences in impact resistance among the
compositions containing 10%, 20%, and 30% PHBV, the trend
suggests that blending improves impact resistance compared
with pure PHBV.

On the other hand, PX displayed a distinct behavior,
characterized by higher impact energy and greater
deformation, indicating its increased ductility>. This behavior is
attributed to the presence of the 4HB monomer, which
enhances the amorphous region and increases chain flexibility.
Additionally, research indicates that the reduction in spherulite
size and the lower crystallization rate within the 4HB segment
contribute to improved elongation and a reduction in the
interfacial impact area within the 3HB fraction ©°.

As the proportion of PX increased, the mechanical properties of
the blends exhibited notable variations. Compared with pure
PHBYV, the tensile strength and Young's modulus for PHBV_10PX
decreased by 8.4% and 9.4%, respectively. For PHBV_50PX,
these reductions were more pronounced, with the tensile
strength and Young's modulus decreasing by 33.3% and 53%,
respectively. In opposition, there was an increase in elongation
and impact resistance, with the PHBV_50PX blend achieving the
highest values among the blends. Both blends exhibited
complete breakage during the impact test, indicating that the
fundamental brittleness of the material was not entirely
mitigated.

The elongation increased from 1.2% for pure PHBV to 3.9% for
PHBV_50PX. However, this difference was not statistically
significant, indicating that incorporating PX into PHBV did not
enhance flexibility to the extent anticipated. This suggests that
the reduction in tensile strength was the primary factor
contributing to the observed decrease in Young's modulus. The
tensile test results may be attributed to the incompatibility
between P(3HB-co-4HB) and PHBV during the mixing process.
This immiscibility, which was suggested by earlier FTIR analysis,

J. Name., 2013, 00, 1-3 | 7
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Fig 6. Mechanical performance of all blend compositions: (a) tensile strain, (b) Young's modulus, (c) elongation at break, and (d) impact resistance

could have led to phase separation, thereby affecting the
mechanical properties of the blend .

When observing impact resistance, a significant increase was
noted with 40 and 50% PX. This finding indicates that PX works
better at absorbing energy rather than providing elongation in
the blend. This could be due to the immiscibility of P(3HB-co-
4HB) in the PHBV matrix, making the amorphous copolymer act
as a rubber filler with increasing elongation and energy of
impact. However, the values reached by PHBV_50PX are similar
to those of commercial polymers such as PLA®2, PP%3, LDPE®4,
HDPE®>, and PET®®.

Lijing et al. (2012) 7 blended PLA with P(3HB-co-4HB) and
reported that adding P(3HB-co-4HB) resulted in an increase in
elongation and a decrease in tensile strength and modulus,
findings that align with the observations in our research.

Figure 7 presents the shrinkage of square samples produced by
injection molding for all compositions, measured in the
direction of the injection flow and against the direction flow.
Owing to its crystalline nature, PHBV presented the highest
shrinkage values regardless of the flow direction. Specifically, in
the direction of the injection flow, the PHBV decreased by
1.53% after 1 h of injection, corresponding to the primary
crystallization phase. This value increased to 1.68% after 24
hours. The secondary crystallization process, which was
analyzed over 21 days, resulted in a final shrinkage of 1.84%.
The shrinkage values measured against the flow direction were
slightly lower, with values of 1.42% in 1 hour, 1.62% after 1 day,
and 1.82% after 21 days. These results suggest that PHBV
exhibited uniform contraction and effective material
distribution throughout the mold 8. The similarity in values can

8 | J. Name., 2012, 00, 1-3

be explained by the isomorphic nature of the PHBV. This
indicates that the atoms are arranged similarly in each repeat
unit, resulting in a consistent crystalline structure throughout
the chain 9.
For pure PX, the shrinkage rates were 1.13% and 1.20%,
respectively, considering the difference in the injection flow
direction between one hour and 1 day after injection. After 21
days, the shrinkage reached 1.28%. Similar values were
discovered against the injection flow direction, suggesting that
PX has a constant distribution behavior for the injection
molding samples. Therefore, the presence of P(3HB-co-4HB) in
the composition of PX, which provides the amorphous structure
with the 4HB monomer, helps explain shrinkage equivalence
values as a result of its random formation.”°

For the blends, shrinkage consistently decreased as the PX
content increased. This trend can be primarily observed in the
direction flow graph, which progressively decreases with
increasing PX in the blend.
Shrinkage is a significant factor for injected molded products,
and the results obtained here show that the introduction of PX
in PHBV has a large effect on shrink reduction. The main reason
is the inclusion of a more amorphous phase in the blend. When
a polymeric material contains more crystalline phases, the
relaxation time is greater, resulting in increased internal stress
and consequently greater shrinkage 7!. Additionally, the
literature shows that semicrystalline polymers have a more
compact molecular arrangement and lower free volume, which
can also reduce shrinkage 72.

This journal is © The Royal Society of Chemistry 20xx
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The graph against the flow direction shows another type of
behavior, in which the compositions with more than 20% PX had
lower shrinkage values than those with pure PX. The
composition with PHBV_40PX had the lowest shrinkage values,
with 0.81%, 0.95%, 1.04%, and 1.08% representing 1 hour, 1
day, 7 days, and 21 days, respectively.

The observed variation in shrinkage may be attributed to
anisotropy effects, which arise from the alignment of the
polymer chains in the direction of the injection flow. This
alignment results in lower and more unpredictable shrinkage
values because of the restricted mobility of the chains against
the flow direction”3.

The results for soil degradation over time in weeks are depicted
in Figure 8, the detailed values are presented in the
supplementary Information (Table S2 ). For pure PHBYV, initial
degradation was minimal during the first week, likely due to the
time required for the establishment of an environment
conducive to enzyme activity and microbial colony formation.
Following this period, a continuous increase in degradation was
observed, culminating in a mass loss of 95% at 14 weeks and
nearly complete degradation of the film at 16 weeks, with a
mass loss of 97%.

These findings are consistent with those of previous studies,
such as those by Iggui et al. (2015) 74, who reported mass losses
of 19% and 70% after 21 and 70 days, respectively, for pure
PHBV, compared with the values of 24% and 63% observed in
this study after 4 and 10 weeks. Additionally, Salomez et al.
(2019) 75, in their analysis of the biodegradation curves of PBSA
and PHBV over 60 days, reported that PHBV was completely
degraded, further supporting the results observed here.

Other authors 7678 have reported different values, as well as
different methods. According to Chan et al. (2021) 7°, the
thickness of the films can impact the various surface areas and
densities of the polymer, which can affect the mass loss values.

This journal is © The Royal Society of Chemistry 20xx
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process.

Table 6 presents the film thickness values, revealing significant
variations across the different compositions. These variations
suggest that thickness may have a considerable influence on the
degradation process of the samples. The relatively rapid
degradation of pure PHBV observed in this study further
substantiates this hypothesis, indicating that film thickness
plays a critical role in degradation dynamics.

It is important to consider how the processing method,
particularly 3D printing, may influence the biodegradation
behaviour of the material. Increased surface roughness and
exposed ridges from the layer-by-layer deposition process used
in 3D printing may promote microbial attachment and
enzymatic breakdown. Biodegradation might be accelerated by
this larger surface area in comparison to samples that are
conventionally molded or flat films 8281, Even though printed
and non-printed specimens were not directly compared in this
study, future research should examine how internal
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microstructure variations and surface morphology affect the
blends' rate of degradation.

The polymer hydrolysis process is initiated by the exogenous
enzymes of microorganisms when a biofilm develops on the
surface of a polymeric film. PHBV breaks down in this way from
the surface to the center of the film because the enzymes that
hydrolyze the ester groups are unable to pierce deeply into the
polymer due to its high crystallinity and hygroscopicity. Because
the polymer chains are compacted in the crystalline regions,
water penetration is difficult, making humidity an important
factor in controlling microbial growth and supporting the
hydrolytic environment 7482,

Table 6. Film thicknesses of PHBV, PX, and their blends produced by thermocompression.

PHBV 0.0823 mm +0.0101 d
PX 0.1408 mm +0.0105 a

PHBV _10PX 0.1069 mm +0.0118 ¢
PHBV _20PX 0.1108 mm +0.0102 ¢
PHBV _30PX 0.1136 mm + 0.0109 b,c
PHBV _40PX 0.1197 mm + 0.0109 b
PHBV _50PX 0.1200 mm +0.0128 b

a, b, ¢, d Different letters indicate a group with a significant difference (p>0.05)
between the means according to Tukey's test.

For PX, a rapid trend in the biodegradation rate was observed,
when it exhibited the greatest mass loss among all the
compositions. By the end of the 12-week evaluation period, the
films had completely degraded. This behavior aligns with certain
values reported in the literature, especially when considering
the percentage of P(3HB-co-4HB) present in the PX blend.

Wen & Lu (2012) 23 evaluated a P(3HB-co-4HB) polymer matrix
with varying 4HB contents and reported that all compositions

0 Week 4 Weeks

exhibited a mass loss exceeding 5% after 60 days in soil.

Notably, the study revealed an increase in mass loss, indicative
iew Article Online

of greater degradation, as the 4HB CO”ﬁ%’ﬂHH}&g&ﬁ%&&ﬂE,&)n

increased, with the 15% 4HB composition resulting in the
highest degradation rate. The authors attributed this trend to
the percentage of crystallinity in the matrix, which is influenced
by the 4HB content and affects the proportion of the
amorphous phase within the structure. This finding was also
confirmed by Volova et al. (2017) 8 who evaluated the behavior
of PHAs with different chemical compositions and reported that
P(3HB/4HB) had the highest degradation rate in soil.

For the compositions consisting of a mixture of both
copolymers, a reduction in the degradation rate was observed
up to 30% PX content. The composition with 10% PX presented
the lowest degradation rate, achieving 82.64% mass loss at 16
weeks, whereas the 30% PX composition presented the lowest
overall degradation rate, with a mass loss of 70% after the 16-
week period. As the PX content increased beyond 30%, the
degradation behavior began to resemble that of pure PX, with
the degradation curves for the 40% and 50% PX compositions
closely aligning with those observed for pure PHBV. This
variation is directly linked to the structures formed by the blend,
and the balance between the components, as identified in the
previous characterizations, directly influences the properties.
Wang et al. (2010) 3> reported that when the P3HB/4HB content
increases without changing the crystalline structure of PHBV,
the crystallinity of the PHBV and P3HB/4HB blend for
spherulites decreases.

Figure 9 shows photographs on a macroscale of the films over a
degradation time. Notably, the surface of the PHBV has a
smooth appearance, which is characteristic of this type of
polymeric film 8>86,

10 Weeks 16 Weeks

PHBV

PHBV_10PX

PHBV_20PX

PHBV_30PX

PHBV_40PX

PHBV_50PX

PX AP

Complete
Degradation

Fig 9. Photography of the PHBV and PX films and their blends during soil degradation
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A similar appearance is found in the pure PX film and the other
compositions because of the amount of PHBV present in the
composition. For all the compositions, the effect of fading the
color of the films over the degradation time in weeks was noted.
This fact is common, as indicated by Zaidi et al. (2019) &7, who
strengthened PHBV with unidirectional flax and tempered it
with PBAT or ENR50 and obtained the same fading aspect,
which they attributed to the "micropitting" effect, which would
be microscopic cavities on the film's surface produced by the
chemical degradation caused by the attack of microorganisms.
For pure PHBV, there were no significant changes in the surface
of the film for up to 2 weeks, which can be related to the low
weight loss; at 4 weeks, it was possible to observe the first
points of attack by microorganisms and the appearance of holes
after 6 weeks of testing. However, for pure PX, owing to the
higher percentage of P(3HB-co-4HB), the degradation process
began after only 2 weeks of testing, and at 4 weeks, it was
possible to observe cavities in the films and severe signs of
degradation.

Other studies on PHBV yielded similar results. They reported
that physical signs of deterioration in the samples caused by
microbial attack included loss of gloss, decreased thickness and
area, and the presence of holes and tears. Additionally, PHA
undergoes a hydrolysis reaction, during which the ester bonds
in the linear chains break, resulting in mass loss and a decrease
in molecular weight 8. Therefore, the mass loss data and visual
observations indicate a surface erosion mechanism, with
progressive surface roughening and the film samples becoming
thinner.

These results reinforce the hypothesis that incorporating
P(3HB-co-4HB) can effectively modulate the biodegradation
rate of PHBV, making these blends promising candidates for
applications where efficient degradation is desirable. These
findings not only underscore the potential of these blends for
environmental applications but also highlight the need for
further research into the effects of varying environmental
conditions and the analysis of degradation byproducts to ensure
safe environmental impact.

Figure 10 presents the IR spectra of the films after 8 weeks of
degradation. The spectra revealed that all the samples
presented similar peaks after degradation, which was
consistent with the microbial activity that led to the
degradation of the materials.

This is evidenced by the appearance of peaks at 3290 cm™,
corresponding to N—H stretching, 1542 cm™ for N—H bending,
and 1083 cm™ for P=0 stretching, all of which are associated
with secondary amides of cellular proteins that are components
of nucleic acids 8. The spectra indicate that the greater amount
of the amorphous phase in the blends promoted the growth and
penetration of the enzymes produced by the microorganisms
responsible for film degradation. This is supported by the
observation that these peaks were less pronounced in pure
PHBYV, as well as in the 10% and 20% PX compositions, with the
peak intensity increasing in correlation with a higher PX
content.

This journal is © The Royal Society of Chemistry 20xx
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Fig 10. FTIR spectra of the degraded blends films after 8 weeks of biodegradation

Furthermore, another indicator of film degradation is the
reduction in the intensity of the peak at 1923 cm™, which is
associated with the breaking of =CH bonds as a result of the exo-
cleavage activity of the PHA depolymerase. The band at 1640
cm™, corresponding to the -C=C- stretching vibration, is related
to the cleavage of ester bonds 858%, Importantly, the structure
of the remaining PHBV remained largely unchanged, suggesting
that the degradation process progressed from the exterior to
the interior of the polymeric films over time. Studies suggest
that the absence of degradation byproducts, such as oligomers,
which can be lost through leaching into the soil or washed away
during the removal process, further supports the conclusion
that degradation occurs gradually, moving inward from the film
surface 8586,

3D printing analyses were conducted on the blends, with
filaments produced from the respective compounds. Figure 11
shows three examples of the printed structures: one for each of
the pure polymers, PHBV and PX, and one representing an
intermediate composition of the PHBV_30PX blend.

The quality of the geometric elements, such as the string on the
bridge connecting the points on each floor, as well as elements
such as subextrusion, porosity, and inclination, were considered
in each temperature range applied to the floors 2. The
temperature range to be used in printing for these compounds
was set between 180°C and 200°C. Figure 11 also shows some
printed objects with the settings observed.
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Fig 11. Photographs of 3der|nted calibration towers for the PHBV a),
PHBV_30PX b), and PX c) and d) e e) are 3D-printed sample designs made from
the blend PHBV_30PX

Following the successful production of the towers, additional
objects with various geometries were printed under the
selected conditions. Visual examination of these printed objects
confirmed that the material exhibited satisfactory printability,
with no significant issues encountered during the printing
process.

The warping coefficient is a dimensionless and practical
measure, with lower values indicating a delayed manifestation
of warping effects; a value of zero signifies the absence of
observable warping 2991, The warping coefficient was
determined for each sample by printing 20 mm x 20 mm x 3 mm
cubes at the selected temperature. Based on the evaluation of
the printing tower and the melt flow index (MFI), a temperature
of 190°C was chosen for the printing process. Figure 12 presents
a graph illustrating the warping coefficients across different
compositions.

Warping coefficient

1,5

PHBV

PHBV_10PX PHBV_20PX PHBV_30PX PHBV_40PX PHBV_50PX PX
Fig 12. Warping coefficients of all the pure polymers and blends.
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The PHBV material exhibits a strong warping coefficient due to
its high and rapid crystallization. This directly impacts the
V\e Article Onlin
adhesion time of the material on the %&tlﬂ)gl&a ormyAsthe
PX content in the blend increases, the warping coefficient
noticeably decreases. These results may be associated with
shrinkage in the injection-molded samples, which followed a
similar decreasing trend. This suggests that with different
processing methods, the defects in the PHBV of the blends tend
to decrease.
Despite the decreased warping values of the blends, our tests
unequivocally demonstrated that printing could not be
accomplished without spray adhesive. This necessity occurred
because of the difficulty of ensuring adhesion for the first layer
to stick to the table. The adhesion of the initial printing layer is
indispensable to the printing process; insufficient adhesion
results in the material peeling off the build platform?2.
Figure 13 presents images of the parts printed for coefficient
measurement, where a visual reduction in the angle formed
between the printed products and the surface is evident. This
reduction is associated with decreased warping. Additionally,
an improvement in the overall quality of the printed products
can also be observed.

Fig 13. Photos of the printed parts used to measure the warping coefficient.
a) PHBV, b) PHBV _10PX, c) PHBV_20PX, d) PHBV_30PX, e) PHBV_40PX, f)
PHBV_ 50PX and 8)PX.

These findings indicate that warping is affected by the
crystallinity of the blend. The samples with a relatively high PX
content tended to warp, which can be attributed to the increase
in the amorphous phase, which resulted in reduced volume
shrinkage when the samples were placed on a cooler build plate
9. For 3D printing, the use of amorphous thermoplastic
polymers is highly recommended because the
crystallization prevents shrinkage,
temperatures allowing a reduction in internal stresses during

lack of
in addition to their low

cooling ?4. In this technique, material characteristics are crucial
due to the high anisotropy of the process, where cooling heavily
influences contraction during the deposition of threads in terms
of temperature distribution 26,

For the materials examined in this study, the factors
contributing to poor adhesion, which in turn leads to the
warping process, are primarily the high and rapid rate of
crystallinity, which is predominantly induced by the PHBV, as
evidenced by the XRD results. Additionally, the high polarity of
PHBV may also play a significant role, as it hinders effective
adhesion to most materials 2.

This journal is © The Royal Society of Chemistry 20xx
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Crystallization in semicrystalline polymers leads to a reduction
in the specific volume of the polymer, resulting in the
generation of residual stress gradients that contribute to
warping. When adhesion forces are weak, these stresses cause
the part to detach from the build platform 25°6. Additionally,
maximum stresses tend to develop near the edges of the
printed part, as each layer attempts to expand during printing
because the material properties do not have a good material
distribution, but can also be related to the manufacturing
process and geometric discontinuities®”°. However, the
material extrusion process restricts this expansion, leading to
the development of stresses that ultimately result in warping
100, Some studies in the literature suggest the use of fillers to
mitigate warping. For example, Winter et al. (2022) 191 reported
that glass fibers significantly reduced warpage compared with
other fillers.

Conclusions

In conclusion, this study highlights the potential of blending
PHBV with P(3HB-co-4HB) to enhance or tailor their properties
while preserving the fundamental characteristics of the
respective PHAs. The FTIR analysis indicated that the structural
similarities between the copolymers did not cause band shifts,
suggesting their immiscibility. The tensile test results revealed
that adding P(3HB-co-4HB) did not significantly affect
elongation or reduce the tensile strength or Young’s modulus.
Nevertheless, the increased 4HB amorphous content in the
blends improved impact resistance and raised the energy
needed for total fracture.

Dimensional analyses of injection-molded square samples
revealed that the blends reduced shrinkage, likely including an
amorphous phase in the PHBV, which decreased the relaxation
time and consequently reduced shrinkage. Additionally, chain
alignment led to more pronounced anisotropic shrinkage in the
direction of the injection flow.

Thermally, the blends exhibited a relatively high degradation
temperature, with no significant changes in the melting or
crystallization temperatures, thereby indicating an increased
processing temperature window. The overall degree of
crystallinity reduced, confirmed mainly by the melting enthalpy
reduction with the increase of the P(3HB-co-4HB) into the
blend.

Soil degradation tests revealed a rapid and complete
degradation rate for PX, with blends containing higher P(3HB-
co-4HB) contents due to having the highest content of the
amorphous phase. The pure PHBV, with the highest crystallinity,
also revealed a great biodegradation, however mostly due to its
low thickness. In 3D printing analyses, the optimal processing
temperature was found to be slightly above the melting point.
Blends with a higher percentage of P(3HB-co-4HB) facilitate
better extrusion and reduce defects such as warping.

Overall, the study concludes that blends of PHBV and P(3HB-co-
4HB) enhance material properties and reduce imperfections
without the need for additional additives while preserving the
intrinsic identity of the PHAs. These blends have significant
potential for a variety of applications, including packaging and

This journal is © The Royal Society of Chemistry 20xx
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agriculture, as they expand processing options such as

extrusion, thermoforming, and injection moulding. The addition
View Article Online

of tailored biodegradability could a”%|;f?6_18}8755ﬁ96bt69 Aed
degradation in soil, extending the functional lifetime of mulch

films and offering a promising alternative to fossil-based and
non-degradable polymers.
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