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Abstract. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a polyester, produced naturally by microorganisms,
with excellent biocompatibility. Corona and radio-frequency (RF) plasma treatment were applied in order to improve the
degradation process of PHBV. Samples were subjected to an accelerated weathering test for 500, 1000, and 2000 h of weathering exposure and to natural weathering for one year. Various analytical, spectroscopic, and microscopic techniques have
been used to analyze the degradation process. This study revealed that corona and RF plasma treatment acted as a hydrolytic
and ultraviolet light (UV) degradation promoter for PHBV. Both plasma treatments chemically modify the PHBV surface
resulting in better wettability contributing to the hydrolytic degradation. Microscopic analysis revealed a rougher defectscontaining surface of plasma-treated PHBV in comparison with untreated PHBV after the degradation process, promoting
deeper water diffusion and UV penetration. The photo- and hydrolytic degradation caused significant surface changes of
plasma-treated PHBV after 2000 h of accelerated weathering and one year of natural weathering. Moreover, deterioration
in mechanical properties has been more pronounced in the RF plasma-treated samples. These results demonstrate the potential
use of plasma treatment on improving the degradability of PHBV.
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1. Introduction

brittle characteristics of PHB are changed, which increases its toughness and decreases crystallinity,
glass transition, melting temperature, and crystallization rate. PHBV is a polymer with low crystallinity
and high flexibility, which eases its ability to be
processed. Furthermore, HV and associated physical
properties are responsible for biodegradability as it
increases with the HV content [5–7].
Most of the degradation studies on PHBV have focused on its biodegradation behavior when exposed to
water [1, 4, 8], soil [7, 9–11], waste compost [12, 13],
and enzymes [14–16]. PHBV exposed to weathering
significantly decreases in molar mass due to chain
scission, and it was defined by the hydroxybutyrate-

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate), which
is commonly known as PHBV from the polyhydroxyalkanoate polymer family, is an aliphatic thermoplastic polyester naturally produced by bacteria with
excellent biocompatibility and biodegradability. In
general, PHBV is used in packaging and controlled
release of drugs, as well as in medical and engineered devices [1–4]. The PHBV structure consists
of two parts, i.e., the poly(3-hydroxybutyrate) (PHB)
and the 3-hydroxyvalerate (HV) fractions. The properties of the copolymer greatly depend on the comonomer ratio distribution. For instance, if the content of the side group HV is greatly increased, the
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PHBV treated with CO2-plasma in both acid and
base environments, which was the result of increased
roughness and wettability. Many parameters guide
the successful application of the plasma treatment,
such as substrate properties, exposure time, gas types
and pressure, temperature, and plasma type, such as
corona or radio-frequency (RF) [4]. Compared with
conventional wet modification methods, plasma treatment has many advantages, such as being environmentally friendly, producing no waste, being non-hazardous, and being a fast and dry process [33]. Therefore, it is demanded to investigate the influence of the
different types of initial plasma treatment for the subsequent degradation of PHBV as a promising polymeric material. That allows a deeper understanding of
the degradation process for tailoring utilization and
permits controlled and tunable degradation.
In this work, air corona and RF plasma treatment
were used to modify the PHBV surface for improving its degradability utilizing the photo-aging effect
applicable in packaging applications. Preliminary
studies were done for the optimization of the exposure time. The aim was to study the effects of both
plasma treatments on the properties of the PHBV
after accelerated weathering degradation, which was
compared with natural weathering.

ydroxyvalerate units [17]. The main property that
showed a significant increase was the crystallinity
for PHBV, which was increased by 20% after being
exposed to weathering conditions [18]. Different
tests like tensile tests showed that after conditioning
the PHBV by weathering the ultimate strength and
elongation at break were the two main features. Based
on experimental findings for PHBV, radical initiation,
Norrish I/II, and hydrolysis degradation mechanisms
were proposed as degradation mechanisms [19].
Several approaches for the acceleration of degradation of the bio-based polymer have been introduced,
such as blending with other components, compounding, and surface modification [20, 21]. Blending and
compounding require the involvement of another
component that changes material formulation. More
industrially feasible is a physical modification of a
bio-based polymer surface, such as plasma treatment, since this approach represents an eco-friendly,
dry, solvent-free, low-cost process [22–26]. Physical
bombardment of polymer surface by plasma excited
species results in crosslinking, grafting, etching,
roughening, and functionalization. This method is
used mainly to increase the surface free energy of
the material and improve its adhesive properties and
biocompatibility [27]. Apart from such utilization,
plasma treatment is responsible for degradation
processes due to the interaction between the plasmacreated species and the polymer surface, which causes etching and thus forms new radical and functional
groups. Low-temperature plasma treatment of biodegradable polymers can positively affect their biodegradability by a wettability improvement through
the incorporation of polar functional groups, such as
hydroxyl, carbonyl, and carboxyl groups [28]. Fabbri
et al. [29] studied an effect of plasma treatment on
poly(butylene succinate)-based copolymer. The improved wettability resulted in an increased hydrolytic degradation rate. The surface treatment by plasma
is considered as an effective approach to increase
wettability, which can promote the moisture attack
during a degradation process under weathering conditions. The results indicated that physical modification of the surface, such as roughness, and the new
functional groups such as –OH, COO– and –CO– that
improved the wettability of the treated surfaces, absorbing more water than untreated PHBV, and the
degree of absorption depends on the applied plasma
discharge power [30, 31]. Kim and Masuoka [32]
confirmed the increased chemical degradability of

2. Experimental
2.1. Materials

The PHBV containing 25% of 3-hydroxyvalerate
segments in the polymer was obtained from Pensieve
Technology Co., Ltd. (Wuhan, China). It is light yellow with a density of 1.24 g·cm–3, a melt flow index
of 3.2 g/10 min at 190 °C, glass transition around
–45 °C, and a melting temperature of ~90 °C. The
molar mass dispersity of neat PHBV is 1.41, showing 59 228 and 83 362 g·mol–1, for Mn and Mw, respectively.
Ethylene glycol (>98% FLUKA, Morris Plains, New
Jersey, USA), formamide (>98% FLUKA Morris
Plains, New Jersey, USA) and ultra-pure water (prepared by Purification System Direct Q3, Millipore
Corporation, Molsheim, France) were used as testing
liquids for wettability analyses.

2.2.Preparation method
The polymer was first dried in an oven at 50 °C
overnight before a sample preparation. The neat
PHBV was then placed between two pieces of stainless steel plate covered by a release foil and molded
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standard. Fluorescent UV lamps (UVA-340, Q-LAB,
Westlake, Ohio, USA) with 0.76 W·m–2 irradiance
(wavelength 340 nm) were used with cycles of 8 h
UV irradiation at 50 °C, followed by four h dark at
50 °C under 100% condensing humidity. These consecutive cycles were applied to the specimens attached to the test panels without any interruption.
The effects of the accelerated weathering were investigated for four exposure periods: 0, 500, 1000, and
2000 h. Samples were collected for analysis after
each period, and they were designated as ‘PHBV/xh’,
‘PHBV/Corona/xh’ or ‘PHBV/RF/xh’, respectively
for corona and RF treatment, where x denotes the accelerated weathering period in hours.

into 1 mm thick sheets at 120 °C for 10 min using a
hydraulic press (Carver, Inc., Wabash, Indiana, USA)
at a pressure of 50 bar. The sheets were allowed to
cool at room temperature and then cut into dumbbell
and rectangular shapes as further described.

2.3. Plasma treatment
Corona system CVE-L (Softal, Hamburg, Germany)
working at atmospheric pressure was used for the
surface treatment of the PHBV samples under dynamic conditions. This system generates corona discharge in an air atmosphere using generator 7010
(Softal, Hamburg, Germany) with a maximum 300 W
of nominal corona power and 20.8 kHz frequency at
8.4 A of output current. The corona system consists
of a set of powered ceramic electrodes for a maximum of 29.70×1.35 cm2 treated area embedded in a
ceramic insulator for the optimal isolation of high
voltage. A planar sample holder made of porous aluminum with suction control keeps the samples in the
right position during the treatment. A high-efficiency
catalytic ozone removal system is part of this system
for efficient ozone extraction, ensuring a safe working environment. The plasma treatment process of
the PHBV samples was optimized in terms of treatment times varied from 1 to 12 s using 300 W of
nominal power, and 1 mm was the distance between
electrodes and samples holder.
A Venus75-HF plasma system (PlasmaEtch, Carson,
CA, USA) working under vacuum and 13.56 MHz
RF was used for the surface treatment of the PHBV
samples under static conditions. This equipment consists of a cylindrical chamber made of aluminum
(25 cm in diameter and 28 cm in deep). A capacitive
parallel plate design allows generating nominal power
with a maximum of 120 W. All the operational parameters are fully controllable by the PC software,
such as treatment time or nominal power, for achieving an optimal plasma treatment process of the samples. The RF plasma treatment of the PHBV samples
was first optimized in terms of various treatment
times (15–180 s).

2.5. Natural weathering aging
The natural weathering (NW) exposure of PHBV
and plasma-treated PHBV samples were carried out
in the Middle East region, in Doha (Qatar, GPS coordinates 25.257071, 51.423344) for one year, from
August 2019 to August 2020. A total of 12 daily hours
of sun exposure were observed. Over this period of
time, the highest reported values for temperature and
humidity were 50 °C and 82%, respectively, and the
lowest values were 23 °C and 24%. The samples
were suspended with grips on a pole. The exposed
samples were only removed for characterization at
the end of this period.

2.6. Wettability analysis
The video-based optical contact angle measuring
system OCA35 (DataPhysics, Filderstadt, Germany)
was used to measure surface wettability changes of
the PHBV samples after plasma treatment and the
aging effect. Sessile drop measurements were carried
out. Testing liquids with different surface tensions,
such as ultra-pure water, formamide, ethylene glycol, were used to evaluate the surface free energy of
the untreated and treated samples for the analysis of
wettability changes after corona treatment and the
aging effect. A 3 µl volume of testing liquids were
used to eliminate gravity effects, and contact angle
was measured after 3 s of placement droplet on the
sample surface in order to reach thermodynamic
equilibrium between the liquid and the sample interface. Minimum five readings were taken in order to
calculate the average value and obtain standard deviation for the contact angle of each testing liquid.
Surface free energy (γs), its polar (γsp), and dispersive
(γsd) components (Equation (1)) were evaluated using

2.4. Accelerated weathering aging
The accelerated weathering of the plasma-treated
samples, i.e., untreated, corona treated PHBV, and
RF treated PHBV samples, were conducted in an accelerated weathering tester Model QUV/se (Q-LAB,
Westlake, Ohio, USA). The weathering conditions
were following the Cycle-C of the ASTM D4329
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Moreover, a line profile of the PHBV surface (z-axis)
was evaluated from ZSensor.

the SCA20 software through the application of the
Owens-Wendt-Rabel-Kaelble regression model [34]
by an application of a geometric mean (Equation (2)).
The subsequent substitution in the Young equation
(Equation (3)) can be used for obtaining a linear equation of the type y = mx + c (Equation (4)), which was
used for the evaluation of the surface free energy of
the prepared and treated polymer nanocomposite
samples:
(1)

p
d
cs = cs + cs
d d
p p
csl = cs + cl - 2 cs cl - 2 cs cl

cs = csl + cl cos i
cl Q1 - cos iV
d

2 cs

(γsp)

2.8. Chemical composition analysis
Qualitative analyses of the chemical composition
changes in the PHBV samples after plasma treatment
and accelerated weathering were carried out by
Fourier-transform infrared spectroscopy (FTIR)
using an attenuated total reflectance accessory. An
FTIR Spectrometer Frontier (PerkinElmer, MA,
USA) was used for obtaining the spectra in the middle infrared region (4000–400 cm–1) using a ZnSe
crystal allowing ~1.66 µm penetration depth, using
an average of 8 scans with a resolution of 4 cm–1.
Good contact between the analyzed samples and the
crystal was ensured using a pressure clamp, allowing
obtaining a high spectral quality.

p

= csp $

cl
d
d + cs
cl

(2)
(3)
(4)

2.9. Thermal analysis
The differential scanning calorimetry (DSC) analyses were performed using a DSC8500 (PerkinElmer,
Waltham, MA, USA) differential scanning calorimeter. The plasma-treated PHBV samples (5–10 mg)
were heated from 30 to 100 at 10 °C·min–1. The melting enthalpies of PHBV were determined from the
DSC curves. The degree of crystallinity for the PHBV
and its composites was calculated according to
Equation (5):

(γsd)

and
are the polar and dispersive
where
parts of the surface energy of the solid (γs), respectively, and (γlp) and (γld) are the polar and dispersive
parts of the surface tension of the liquid (γl), respectively.

2.7. Surface morphology analysis
The surface morphology changes of plasma-treated
and aged samples were investigated using scanning
electron microscopy (SEM). SEM equipment Nova
NanoSEM 450 (FEI, Hillsboro, OR, USA) was used
for this purpose. A very thin Au layer (few nm) was
sputter-coated on the sample surface to ensure a high
resolution of resulting SEM images in 2D scale as
elimination of electrons accumulation.
The detailed information about the surface topography of the PHBV samples in 3D scale was obtained
using atomic force microscopy (AFM). An AFM device MFP-3D (Oxford Instruments Asylum research,
Abingdon, Oxford, UK) using a silicon probe (Al reflex coated Veeco model – OLTESPA, Olympus,
Tokyo, Japan) was employed to capture high-resolution AFM images (512×512 points) using a noncontact tapping mode in air under ambient conditions. First the homogeneity of different surface areas
was checked by scanning of different surface areas,
and then a representative high-resolution image was
recorded and Ra value was evaluated. The surface
roughness was evaluated by the Ra parameter considering the average height of irregularities relative
to the sample surface in a perpendicular direction.

Xc !%$ =

DHm
0 $ 100
DH m

(5)

where ΔHm is the measured melting enthalpy, and
ΔH0m is the enthalpy of melting of the 100% crystalline polymer, with a value of 109.5 J·g–1 for
PHBV [35]. The cooling scan was used to analyze
ΔHc, the enthalpy of crystallization, and a second
heating scan (curves are not shown here) was used to
analyze the glass transition temperature, Tg.
A TGA4000 (PerkinElmer, Waltham, MA, USA)
thermogravimetric analyzer (TGA) was used to analyze the thermal degradation behavior of the samples. The analyses were done from 30 to 600 °C at a
heating rate of 10 °C·min–1 under nitrogen flow
(20 ml·min–1). The sample masses were 10–15 mg.

2.10. Mechanical properties
An amplitude modulation–frequency modulation
(AM–FM) technique was used for an evaluation of
the mechanical properties of the PHBV samples in
the top surface area using AFM. The AFM cantilever
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with the tip is excited simultaneously at its fundamental resonant frequency and another eigenmode.
The fundamental resonance is then used to obtain the
topographical features of the PHBV samples, and the
mechanical properties are analyzed by tracking the
frequency and amplitude-shift of another eigenmode. The measured frequency shift Δf is then used
for an evaluation of the interaction stiffness (ΔkFM)
by Equation (6):
Df
Dk FM = 2kc $ f
c

average value and standard deviation of mechanical
properties.

3. Results and discussion
3.1. Plasma treatment optimization

The plasma treatment process was first optimized in
terms of treatment time varying from 1 to 10 s and
from 15 to 180 s for corona and RF plasma treatment, respectively. Static contact angle measurements were performed on PHBV samples. The contact angle analysis is a rapid, simple, and direct
method to evaluate the wettability of the PHBV samples. The plasma method induces noticeable changes
on the polymer surface even after a short treatment
time. Figure 1 and Figure 2 show the effect of the
plasma exposure time on the water, ethylene glycol,
and formamide contact angles of plasma-treated
PHBV samples in air. The pristine PHBV has a water
contact angle of about 70°. As a result of the plasma
irradiation, the water contact angle decreased after
1 s of corona treatment, but the lowest value was observed for an exposure time of 7 s. Similar to that,
when the RF plasma was applied, the water contact
angles dropped after 60 s of treatment and then
slightly increased with a longer exposure time. It can
be seen that both plasma treatments caused a marked
decrease of water contact angle from 72.7±1.4° for
untreated PHBV to 52.0±0.9 and 42.4±1.5°, within
the 7 and 60 seconds, after corona and RF plasma
treatment, respectively.
The reduction of the water contact angle suggests an
obvious improvement of surface hydrophilicity, which
is attributed to the cleavage of hydrophobic groups
and the formation of new polar groups, OH, C=O,

(6)

where kc is the spring constant of the cantilever and
fc is the frequency of the eigenmode of the cantilever
with the tip. In order to obtain Young’s modulus of
the measured samples, a general Hertz model was
applied, describing the contact mechanics between the
tip and the analyzed sample surface. A PHBV standard with a known Young’s modulus (632.3 MPa)
was first used for the calibration of the cantilever to
determine its elasticity (42.04 kPa·Hz–1). This elasticity was then used for obtaining the absolute values
of Young’s modulus of the analyzed samples. Gaussian fitting of the main peaks was then applied to obtain the mean values of Young’s modulus presented
in the related histograms.
The tensile properties were determined at room temperature in a Lloyd LR 50 k Plus (Lloyd Instruments,
Ltd., Fareham, UK) universal testing machine at a
stretching speed of 10 mm·min–1 (ASTM D638).
The gauge length was 25 mm, and the sample (dumbbell shape) width and thickness were 3.25 and 1 mm,
respectively. Five independent measurements were
carried out for each sample in order to obtain an

Figure 1. Contact angle (a) and surface free energy (b) of PHBV samples treated by corona plasma vs. treatment time.
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Figure 2. Contact angle (a) and surface free energy (b) of PHBV samples treated by RF plasma vs. treatment time.

The SEM images indicate that the sample treated
with corona showed significant changes in its surface morphology after exposure for 1000 h. There is
a high roughness and some holes and cavities. Segregation is even more visible in the RF treated sample. Significant changes in the treated surface show
that plasma had a significant effect on the degradation of the polymer surface, especially when compared to the untreated PHBV surface. Such characteristics were also observed for the PHBV samples
after 2000 h of accelerated weathering exposure.
Visible roughness and a large number of holes were
present on the surface. The voids encourage hydrolytic and UV degradation to penetrate into the bulk.
Thus, the water molecules (from the moisture present in the condensation step of the accelerated weathering) can diffuse, as well as the penetration of UV
can occur simultaneously on the surface and in the
bulk of the material. From these analyses, it can be
clearly seen that the RF plasma treatment has the
highest impact on an enhancement of the weathering
degradation of the PHBV samples. Regarding the
natural weathering exposure, all the samples exhibited more damaged surfaces than observed after accelerated weathering. The main reason can be related
to the longer period of time during which the samples were exposed to humidity and UV. During artificial weathering, samples were exposed to 100%
humidity only for 4 h, while during natural weathering, the samples were exposed to humidity 24 h per
day despite the irregular level of moisture. The high
level of humidity observed in the Middle East is a
big issue as reported in several works that mainly focused on corrosion challenges for the oil and gas industry, thus authors were looking for a potential

and COOH, on the PHBV surface upon the plasma
treatment [36]. Thereafter, the surface free energy
slightly increased after plasma exposure reaching
48.79 and 56.4 mJ·m–2 for 7 and 60 seconds of corona and RF treatment, respectively.
These conditions were subsequently selected for
treatment of the PHBV samples in order to perform
accelerated weathering. Improved hydrophilicity of
plasma-treated PHBV with enhanced water contact
could potentially result in accelerated hydrolytic
degradation of the PHBV.

3.2. Surface morphology characterization
The morphology of the samples before and after
plasma treatment was analyzed by SEM.
Figure 3 shows the changes in the surface morphology of the PHBV samples treated with corona or RF,
as well as their change over the time of weathering
exposure. The neat PHBV presents a smooth morphology, which was also seen in the RF plasma treated samples, while corona treatment was responsible
for a slightly rougher morphology. After 500 h of
moisture and photo exposure, a noticeable corrugation on the surface of all the samples is noticeable,
while it was more pronounced in the RF treated
PHBV sample. This could have been caused by a
more effective treatment of RF plasma compared to
corona treatment, resulting in higher surface wettability with more susceptibility to hydrolysis during the
weathering process. It is known that the amorphous
regions of PHBV are able to transform into the crystalline state as a result of weathering [19]. Crystal occupies a smaller volume than the amorphous region,
thus surface ‘contraction’ occurs, which leads to the
formation of the rougher surface [37].
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Figure 3. SEM images of PHBV samples (from left to right: untreated, corona and RF treated) before weathering (a), after
accelerated weathering (b) 500 h; (c) 1000 h and (d) 2000 h, and after natural weathering (e).
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the result of C=O stretching vibrations associated
with crystalline and amorphous carbonyl groups.
The peaks in the region of 1100–1260 cm–1 are because of C–O stretching. The peaks at 1472, 1448,
1425, 1338, 1335 and 1313 cm–1 are due to the CH2
and CH3 asymmetric and symmetric deformations,
as well as at 3000–2800 cm–1 assigned to the asymmetric and symmetric deformations in the methylene
chains (–CH2–). As a result of intermolecular H-bonded and O–H stretching modes, a broad feature is seen
at ~3300 cm–1. The key peaks of the C–C chains
stretching mode are shown in the 1000–800 cm–1
spectral area [19, 39, 40].
All the samples exhibited the same characteristic
bands, and only slight changes were found after accelerated weathering. In the PHBV/Corona/2000h and
PHBV/RF/2000h spectra, a new shoulder in the range
of 1580–1660 cm–1 is evident (indicated by a dashed
circle in Figure 5 and Figure 6). The wide range is
assigned to the overlapping of hydroperoxides and
C=C double bonds in the newly formed chains due to
the photodegradation of PHBV according to a Norrish II mechanism and the possible presence of absorbed water in the material after long periods of
weathering involving condensation steps [19, 41–45].
On the other hand, the peak around 1525 cm–1 disappeared after weathering. Once radical sites were
formed on the plasma-treated sample surface, secondary reactions can occur. The plasma treatment
has a noticeable effect on the surface properties of
the samples as a result of a combination of different
processes such as ablation, etching, functionalization,
and crosslinking processes [46, 47], as well as thermal and irradiation degradation [48]. According to
Nabedryk and Breton [49], the ethylenic C=C stretching vibration is observed at 1527 cm–1. Cools et al.
[48] reveals some possible reactions occurring on
plasma-treated samples, and CH2=CH2 can be a reaction product from that. The erosion process occurring during weathering and the degradation process
itself should be enough to degrade the CH2=CH2
structures created on the PHBV/corona/0h and
PHBV/RF/0h surface during the plasma treatment.
In addition, it could be noted that the intensity of the
bands placed at 1263 and 1226 cm–1 ascribed to the
C–O–C stretching mode [50], clearly becomes weaker
after long periods of weathering as observed for
PHBV/RF/2000h. This result indicates the expected
polymer chain scission of plasma-treated PHBV after
weathering under hydrolysis and photodegradation.

combination of preventive or remediation strategies
for extending the lifetime of materials [38]. In addition, the daylight exposure happened around 12 h per
day instead of 8 h as simulated in the weatherometer.
It should be noted that the direction of UV irradiation
changed over the day according to the sun’s position.
Thus, the degradation process is much more intense,
as also observed in the FTIR section.
The topographical structures and related line profiles
of the PHBV samples obtained by AFM are shown
in Figure 4. The untreated PHBV shows a relatively
smooth surface area with relatively small roughness
in line profile, while the Ra was 7.4 nm. Corona plasma treatment was responsible for significant roughness changes, while the Ra increased to 53.4 nm,
while roughness in line profile increased significantly. On the other hand, RF plasma treatment did not
affect the surface topography and the Ra had an identical value to that of the untreated PHBV. 500 h of
accelerated aging resulted in a surface roughness increase for the untreated and RF plasma treated samples, while Ra was 18.9 and 35.9 nm, respectively.
In the case of the corona-treated PHBV samples, the
Ra value decreased to 20.8 nm, but topographical
textural changes were observed. 1000 h of accelerated weathering led to an increase in the surface
roughness for all the PHBV samples. 2000 h of accelerated weathering resulted in a significant surface
roughness increase observed in line profile, while Ra
was 109.6, 169.7, and 249.0 nm for the untreated, corona treated, and RF plasma-treated PHBV samples,
respectively. Moreover, NW was responsible for the
highest surface roughness increase for untreated and
RF plasma-treated PHBV samples achieving Ra values equal to 135.2 and 265.1 nm, respectively. The
obtained findings indicate that corona and RF plasma significantly affected the degradation process of
the PHBV surface, while the RF plasma treatment
effect was more pronounced.

3.3. Surface chemistry (FTIR)
The FTIR spectra of plasma-treated PHBV were
measured in order to obtain qualitative information about the chemical composition, for the unaged as well as the aged samples under accelerated
weathering up to 2000 h and 1 year (8760 h) of natural weathering (Figure 5 and Figure 6). The most
important peaks in the IR spectra for PHBV are
shown in two zones, i.e., 1750–1700 and 1100–
1260 cm–1. The strong peak at 1750–1700 cm–1 is
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Figure 4. AFM images of PHBV samples (from left to right: untreated, corona and RF treated) before weathering (a), after
accelerated weathering (b) 500 h; (c) 1000 h and (d) 2000 h, and after natural weathering (e).
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Figure 5. FTIR spectra of untreated and corona treated PHBV before and after natural and accelerated weathering:
(a) PHBV/0h, (b) PHBV/Corona/0h, (c) PHBV/Corona/500h, (d) PHBV/Corona/1000h, (e) PHBV/Corona/2000h,
(f) PHBV/NW and (g) PHBV/Corona/NW.

Figure 6. FTIR spectra of untreated and RF treated PHBV before and after natural and accelerated weathering: (a) PHBV/0h,
(b) PHBV/RF/0h, (c) PHBV/RF/500h, (d) PHBV/RF/1000h, (e) PHBV/RF/2000h, (f) PHBV/NW and
(g) PHBV/RF/NW.

at 780 cm–1 suggest an abundance of unsaturated
vinyl, ketones, aldehydes, and carboxylic acid salts
subsequent from the formation of a hydroperoxide
derivative during photooxidation and their subsequent degradation as a result of the simultaneous occurrence of several chemical mechanisms [19, 41,
51–53].

The intensity and positions of the bands around 3000
and 3500 cm–1, could also support this.
Regarding our previous work [19], FTIR results
showed that photo and hydrolysis degradation of
PHBV/2000h followed the same steps of the degradation noticed for plasma-treated samples. However,
the typical photocleavage via Norrish II takes a pronounced place in natural weathering degradation,
showing remarkable differences in the FTIR spectra
of untreated and plasma-treated PHBV. The intensity
of peak associated with C=O in the carboxylic group
at 1713 cm–1 decreased as a result of degradation
processes. Moreover, the large absorptions and welldefined peaks at 1657, 1614, 1313, and the new one

3.4. Wettability analysis
In order to assess the effects of plasma treatment on
the weathering degradation of PHBV, contact angle
measurements were carried out. Figure 7 and Figure 8
show the contact angle results of water, formamide,
and ethylene glycol for the plasma-treated PHBV as
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a function of accelerated and natural weathering time.
The contact angles of different testing liquids were
then used for an evaluation of the surface free energy
and its polar and dispersive components. The PHBV
showed a higher value of contact angle for water,
72.7±1.4° [19], compared to the plasma-treated PHBV
samples. The lowest value for contact angle for water
was obtained for PHBV/RF/0h, 42.4±1.5°, while
PHBV/Corona/0h achieved 52.0±0.9°. This reduction in the contact angle indicating an increase in the
hydrophilicity was mainly caused by a formation of
the polar functional groups formed by the plasma
treatment, as previously mentioned, although significant differences were not found in the FTIR spectra.

This was probably caused by the high penetration
depth of the infrared beam (~1.66 µm) in comparison
with only a few tens nm plasma treated layer.
The surface free energy was evaluated by OwensWendt-Rabel-Kaelble method. The surface free
energy of the PHBV/Corona/0h sample was
48.8 mJ·m–2, which can be separated into its two
components: the polar component with a relatively
high value of about 33.2 mJ·m–2 and the dispersive
contribution with a low value of 15.6 mJ·m–2. As expected from the contact angle values, the surface free
energy and its polar component obtained for
PHBV/RF/0h achieved the highest values, i.e., 56.4
and 46.1 mJ·m–2, respectively.

Figure 7. Contact angle (a) and surface free energy (b) of PHBV samples treated by corona plasma vs. accelerated (500 and
1000 h) and natural (8760 h) weathering time.

Figure 8. Contact angle (a) and surface free energy (b) of PHBV samples treated by RF plasma vs. accelerated (500 and
1000 h) and natural (8760 h) weathering time.
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Regarding the effect of accelerated weathering, a decreasing wettability tendency is observed with increasing weathering exposure. Polar groups on the
polymer surface promote the degradation of the
polymer since it could be easier hydrated. Results of
the hydrolysis are cleavage of ester bonds and, consequently, chain scission. Plasma activation leads to
degradation in the surface layers of the material, and
the UV attack occurs simultaneously to form compounds containing terminal carbonyl groups, as noticed in FTIR. As shown in Figure 3, a rough surface
was noted for all the samples after 500 h of weathering, but much more pronounced in the PHBV/RF/
500h sample. Thus, it was clear that RF plasma activation accelerated degradation. PHBV/Corona/
500h was more stable to degradation reactions. Less
effective plasma activation or some crosslinked surface occurred during the plasma treatment and could
justify the similar polar component observed in
PHBV/Corona/0h and PHBV/Corona/500h. Thus,
the observed increase in contact angle for water to
56.0±3.1° only occurred due to the observed physical modifications of the surface.
It is more likely that during activation, polar groups
and low-molecular products from the surface of samples are cleaved, resulting in increased roughness
and lower surface energy values than the previous
results. The increase of surface roughness did not
favor the wettability of the PHBV/Corona once the
PHBV/Corona/1000h was more hydrophobic, in
contrast with the argument by Yang et al. [54] showing that the increase in roughness is one of the reasons for the increase in hydrophilicity in plasmatreated samples. This could probably be explained
by the Cassie-Baxter model, where trapped air within small voids caused lower wettability [55]. The CA
of corona and RF plasma-treated PHBV could not
be determined after 2000 h because the surfaces
were completely degraded as observed in Figure 3,
thus it was not possible to correctly assess this value.
This behavior was also observed in our previous
work for neat PHBV [19]. The dispersive component
of the surface energy contribution increases gradually as the accelerated weathering time increases for
the RF plasma-treated samples. The surface free energy showed a remarkable increase, from low values
of 40.0 mJ·m–2 for the PHBV/RF/500h sample up to
values of 45.9 mJ·m–2 for PHBV/RF/1000h. The
dispersive component clearly depends on the roughness of the samples resultant from degradation, and
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it promotes the deeper degradation of the sample.
Similar behavior was noted for PHBV after accelerated weathering [19].
Remarkable results were found after natural weathering, i.e., after 8760 h of outdoor exposure. Both
plasma-treated PHBV samples showed a very low
contact angle for water, formamide, and ethylene
glycol, as shown in Figure 7 and Figure 8. For
PHBV/NW the contact angles for the three liquids
were 7.6 ± 0.7, 18.7 ± 2.0, and 12.5 ± 3.6°, respectively. The combination of several factors promotes
the observed results. The cleavage of ester linkages
during weathering exposure results in shorter polymer chains. Thus, shorter polymer chains are easily
able to reorganize into crystalline domains (as will
be discussed in the DSC section), which results in a
closed structure for water absorption. In addition, the
SEM and AFM analyses even showed an increase in
roughness, which can also contribute to an increase
in the water contact angle of the PHBV samples for
water. Besides the proposed physical changes in the
sample surfaces, the chemical modification also occurred. The density of the polar and non-polar species,
such as carboxylic and hydroxyl end groups but also
C=C linkages, also balanced the contact angle values, which is corroborated with the FTIR analysis.
Moreover, the decrease in contact angles could be
explained by Wenzel wetting theory [55], while the
internal larger voids and surface defects can be wetted too.

3.5. Thermal properties
DSC analysis shows several changes during the first
heating, and cooling cycles associated with weathering exposure of plasma treated PHBV samples
(Figure 9 and Figure 10). DSC analysis was used to
determine the changes in the degree of crystallinity
characterized by enthalpy and melting phenomena
of PHBV samples before and after 500, 1000, and
2000 h of accelerated weathering and also after natural weathering exposure. The thermal parameters
from the first heating and cooling scans (melting and
crystallization temperatures and enthalpies, respectively, Tm, Tc, ΔHm and ΔHc), as well as the degree of
crystallinity (Xc) are summarized in Table 1. In addition, a second heating scan (not shown here) was used
for the identification of the glass transition (Tg).
A large endothermic event, ranging from 80 to 95 °C,
was observed in both the case of PHBV/Corona/0h
and PHBV/RF/0h, as well as a small endothermic
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Figure 9. DSC first heating (a) and cooling (b) curves of PHBV and corona treated PHBV samples before (0 h) and after accelerated (500, 1000, and 2000 h) and natural weathering.

Figure 10. DSC first heating (a) and cooling (b) curves of PHBV and RF treated PHBV samples before (0 h) and after accelerated (500, 1000, and 2000 h) and natural weathering.
Table 1. DSC data obtained for PHBV samples and PHBV samples treated by corona and RF plasma before and after weathering.
Sample
PHBV

PHBV/NW

PHBV/Corona/0h

PHBV/Corona/500h

PHBV/Corona/1000h
PHBV/Corona/2000h
PHBV/Corona/NW
PHBV/RF/0h

PHBV/RF/500h

PHBV/RF/1000h

PHBV/RF/2000h
PHBV/RF/NW

1st heating
Tm1
[°C]

Tm2
[°C]

60.3

56.8–80.9

96.4

60.4

80.9

ΔHm
[J·g–1]
58.8

36.3
63.7
73.2

76.6

78.3
77.1
72.5

64.9

52.2–80.7

60.7

77.9

36.9

62.2

83.7

65.4

78.5

77.3

81.5

48.1–79.4

91.5

Cooling

ΔHc
[J·g–1]

Tc
[°C]

33.4

52.3

47.0

91.9

–42.05

95.8

–50.49

94.4
88.8
96.5

–45.36
–37.51
51.3

91.1

–42.35

95.2

–47.39

94.5

95.1

400

–45.47

–26.85
51.8

2nd heating

Tg
[°C]

Xc
[%]

47.5

–47.3

53.7

53.6

–44.0

33.2

56.0
56.3
31.2
32.1

54.3

54.0

54.9

15.1

34.4

–41.7
–43.8
–42.4
–42.3
–41.0

–44.1

–43.0

–43.0

–43.1

–40.9

55.1
55.2
58.2
66.8
59.3

33.7

55.4

56.8

76.4

59.8
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showed increased Tm2 after these periods of time, resulting from the chain scission of PHBV during
degradation and the gradual increase in crystallinity,
which hinders the polymer mobility under melting
conditions. The double melting peak of PHBV/Corona/2000h shifted to lower temperatures, 73 and
89 °C. Since the crystallinity degree did not decrease
after 2000 h, this result reveals the continuous degradation of the amorphous phase of PHBV to rearrange into smaller size crystalline regions, giving
rise to the observed lower Tm1 and Tm2. The untreated PHBV presents similar behavior [19]. In the case
of PHBV/RF/2000h several changes were observed.
The first melting peak, usually associated with less
perfect, smaller crystals, became larger than the second melting peak of the unweathered sample, while
the higher-temperature peak disappeared. According
to some authors [62] the low-temperature peak is
usually considered the true melting peak. Thus, it develops as the crystallinity increases.
A clear crystallization peak was observed in the cooling scan for both plasma-treated PHBV. The temperature varies in a small range, from 54 °C for PHBV/
Corona/0h to 56 °C for PHBV/Corona/1000h and
from 54 °C for PHBV/RF/0h to 55 °C for PHBV/RF/
1000h. The Tc dropped after 2000 h, and the lowest
value was 15 °C observed for PHBV/RF/2000h,
which is in accordance with the more prominent
changes observed for this sample during the first
heating scan. Similar to previously reported [19], the
presence of polymer chains characterized by different molecular weights and different lengths results
in a wider melting or crystallization temperature
range. When crystallization occurs over a broader
temperature range, it means that the degradation
process reduces the rate of crystallization of PHBV,
affecting the morphologies of its crystals.
Under natural weathering, there was a noticeable increase of Xc for all the samples achieving values similar to 1000 h of accelerated weathering exposure, as
well as Tm2 which remains fairly similar to 1000 h
of accelerated degradation. Indeed, the results indicate a decrease of Tg with natural weathering for untreated and plasma-treated samples, which is more
pronounced for PHBV/RF/NW. The decrease in Tg
is explained by the decrease in the number-average
molecular weight of the exposed samples, such confirmed by the large temperature range of the Tm1
peak, which confirms a large number of shorter
chains. The DSC results, therefore, suggest that RF

peak a couple of degrees before 80 °C. This double
melting peak also noted for untreated PHBV is commonly attributed to the presence of more than one
crystallographic form, as well as to changes in the
lamellar thickening and crystal perfection. Some authors also attributed it to melting, recrystallization,
and re-melting processes [19, 39, 56, 57]. A single
crystallization peak (Tc) was noticed during cooling
at 54 °C for both samples before weathering, and the
degree of crystallinity reached 33%. A similar profile
was previously reported for neat PHBV [19], but a
lower melting temperature and glass transition and
a higher degree of crystallinity were noted for the
untreated sample. The plasma treatment of a polymer can lead to several modifications in the surface
by a combination of different physical processes, as
previously mentioned, like ablation and etching of
the surface area, but also chemical changes such as
grafting, polymerization, crosslinking or functionalization [46, 47, 58]. Thus, the observed changes in
DSC data after plasma treatment can be explained
by a combination of these processes. First of all, the
plasma discharge creates radical sites on the surface
of the PHBV sample. Their oxidation upon exposure
to ambient oxygen creates oxygen-containing groups,
increasing the oxygen concentration on the surface.
In addition, free radicals are also available for crosslinking reactions, which restricts the chain mobility
and increases Tm and Tg of the plasma-treated PHBV
[3, 59–61]. Moreover, it is known that the amorphous regions of PHBV are able to transform into
crystalline domains as a result of chain scission and
the ability of the shorter chains to self-re-organize.
Thus, it was expected to observe some increase in
the degree of crystallinity of plasma-treated PHBV.
However, the opposite was noted, and the Xc for
PHBV/ Corona/0h and PHBV/RF/0h decreased
from 54% for neat PHBV to around 33% after plasma treatment. The shorter polymer chains are probably more susceptible to be removed by the vacuum
system, as well as other degradation products from
the plasma treatment, resulting in a selective ablation
of the surface, which may cause the observed fluctuations in the degree of crystallinity [37, 59].
Slight changes were observed in PHBV/Corona and
PHBV/RF after 500 and 1000 h of the accelerated
weathering exposure. Whereas the Tg and Tm1 showed
some fluctuations for PHBV/Corona, the central peak
around –43 and 78 °C, respectively, remained constant for PHBV/RF. Both plasma-treated samples
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curves are reported, the mass loss takes place in one
step for all the weathering times.
The thermal degradation of corona-treated PHBV
consists of the main degradation step between 300
and 425 °C, with a maximum mass loss around
403 °C. Interestingly, PHBV/Corona/2000h shows a
gradual decrease in mass starting at very low temperatures. One possible explanation for this behavior
can be that some moisture from the condensation
cycle remained on the PHBV surface. In addition,
the main degradation step started around 200 °C but
ended in the same temperature range as the other
samples. It seems the PHBV/Corona/2000h present
two degradation stages as usually noted in blends.
The result can be attributed to the presence of the reactive species on the surface, which promoted the
weathering degradation after 1000 h. However, 2000 h
of hydrolysis and UV exposure was not enough for
an equal surface and bulk degradation. The corona
plasma treatment was not effective in enhancing the
complete PHBV degradation in this period of time,
which reduced the thermal stability of only part of
the polymer.
The PHBV/RF samples exhibited the same profile as
the PHBV/Corona samples, i.e., one degradation step
occurring between 300 and 425 °C, but a slight decrease from 409 to 406 °C was observed for Tmax up
to 1000 h of weathering. As known, plasma treatment
affects the PHBV surface due to the radicals, excited
atoms, and charged particles that are generated during
this treatment promoting the wettability of PHBV resultant from chemical and physical modifications.
Although the PHBV/RF showed good thermal stability, a significant change occurred after 2000 h of

plasma treatment had a stronger influence on the
degradation of PHBV under hydrolysis and photodegradation conditions from accelerated and natural weathering exposure.

3.6. Thermogravimetric analysis (TGA)
The influence of the plasma treatment on the thermal
behavior of PHBV after accelerated and natural
weathering exposure was investigated by TGA. The
temperature corresponding to the 5 and 50% of mass
loss during the thermal decomposition process (T5%
and T50%), and the temperature corresponding to the
maximum mass loss rate (Tmax), were determined
from the thermogravimetric curves for corona and RF
plasma-treated PHBV and collected in Table 2. As
evidenced in Figure 11 where the thermogravimetric

Table 2. Characteristic degradation temperatures for untreated PHBV samples and PHBV samples treated by
corona and RF plasma before and after weathering.
Sample

Untreated PHBV
PHBV/NW

T5%
[°C]

T50%
[°C]

349

402

352

398

348

PHBV/Corona/0h

349

PHBV/Corona/1000h

347

PHBV/Corona/500h

PHBV/Corona/2000h
PHBV/Corona/NW
PHBV/RF/0h

PHBV/RF/500h

PHBV/RF/1000h

PHBV/RF/2000h

PHBV/RF/NW

272
332

354

354

339

324

349

398

Tmax
[°C]
407

406

396

403

397

406

394
396

401

400

397

364

402

404
404
405

409

407

406

370

409

Figure 11. TGA curves of PHBV samples treated by corona (a) and RF (b) plasma before (0 h) and after natural and accelerated (500, 1000 and 2000 h) weathering.
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The mean values of the PHBV/500h, PHBV/Corona/500h, and PHBV/RF/500h were 276.7, 235.4, and
336.6 MPa, respectively. The additional accelerated
weathering time led to an increase in Young’s modulus for the untreated and corona-treated PHBV
samples, whereas Young’s modulus of PHBV/RF/
1000h achieved the lowest value (108.8 MPa). 2000 h
of accelerated weathering was responsible for lower
mean values of Young’s modulus of the plasma-treated PHBV samples in comparison with the PHBV
samples after 500 h of accelerated weathering, while
the untreated PHBV samples achieved even higher
values of Young’s modulus. This confirms the enhanced degradation of the plasma-treated PHBV samples caused by the polar functional groups susceptible to catalytic hydrolytic degradation together with
UV and thermal degradation after longer weathering
times. Natural weathering revealed lower mean values of Young’s modulus for PHBV/NW (281.7 MPa)
and PHBV/Corona/NW (171.1 MPa) in comparison
with the sample after 2000 h of the accelerated
weathering. The PHBV/RF/NW sample achieved remarkably higher mean values of Young’s modulus
(358.8 MPa). However, from the histogram, a double peak is clearly seen with the highest peak width
distribution indicating different degradation degrees
in different surface areas.
The tensile strengths of PHBV subjected to corona
and RF plasma treatment are shown in Table 4. The
initial tensile strength (σbreak) of the tested PHBV
samples was 34.2±1.7 MPa, while Young’s modulus
(E), and elongation at break (εbreak) had values of
182±6 MPa, and 730±40%, respectively [19]. Since
the plasma surface treatment does not affect the bulk
of the unweathered samples, these values were similar for plasma-treated PHBV as shown in Table 4.
A large drop in the mechanical properties was observed after 500 h of accelerated weathering. The
tensile strength was 3.7±1.3 and 5.8±1.5 MPa, with
respect to the corona and RF treatments. The results
indicate a large decrease in the elongation at break
as was noted for tensile strength, giving values of
3.9±1.8 and 3.3±1.3% for corona and RF samples.
Moreover, a small decrease to 154±84 MPa for
Young’s modulus values was noted in the corona
sample, whereas a slight increase to 278±51 MPa was
achieved for PHBV/RF/500h. Similar behavior was
already noticed for the untreated PHBV [19].
These properties are determined by the ratio of flexible and rigid characteristics from amorphous and

weathering. A decrease in maximum degradation temperature was observed, reaching the lowest value of
370 °C, probably due to the molecular weight decrease after weathering. It seems to have already
started in PHBV/RF/1000h as noticed from the values of T5%, decreasing from 354 to 339 °C. The
weathering degradation occurred on the surface and
in bulk due to the observed holes noted in the SEM
images, which promoted the water diffusion and UV
penetration during weathering from the surface to
the deeper bulk.
Similar to the corresponding PHBV/Corona sample,
this suggests higher hydrolysis and UV sensitivity
for RF plasma-treated PHBV, which may be considered as a measure of the thermal stability, as well as
the weathering degradation rate. On the other hand,
as observed from T50% and Tmax, the degradation
caused by natural weathering did not seem to affect
the thermal stability of PHBV and the plasma-treated
samples. These results confirm the trend observed
using FTIR and DSC techniques, i.e., one year of natural weathering exposure in the Middle-East environment provides a large range of different polymer
chain sizes, but this time it was not enough to lead
to the same degradation products of the 2000 h under
accelerated weathering samples (with and without
plasma treatment).

3.7. Mechanical properties
The mechanical properties of the PHBV samples in
the top surface area were analyzed using an advanced AM–FM AFM technique, while Young’s
modulus distribution in the entire surface area was
obtained. The AM–FM AFM images of the PHBV
samples before and after accelerated and natural
weathering are shown in Figure 12, and Young’s
modulus values (mean) are summarized in Table 3.
The mean value of Young’s modulus for the PHBV
sample was 177.7 MPa. Corona plasma treatment
noticeably decreased the mechanical properties of
the PHBV sample, while RF plasma treatment was responsible only for a variable increase in Young’s
modulus. The mean value of Young’s modulus of the
PHBV/Corona/0h and PHBV/RF/0h samples was
141.7 and 179.0 MPa, respectively. The accelerated
weathering aging led to Young’s modulus changes
as a result of a combination of thermal, UV, and hydrolytic degradations. 500 h of accelerated aging time
resulted in an increase in Young’s modulus values of
all the PHBV samples as post-chemical processes.
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Figure 12. AM-AFM images of PHBV samples (from left to right: untreated, corona and RF treated) before weathering (a),
after accelerated weathering (b) 500 h; (c) 1000 h and (d) 2000 h, and after natural weathering (e).
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The enhanced hydrophilic PHBV surfaces modified
by corona and RF plasma treatment promote their
wettability during the condensation cycle of the accelerated weathering conditions. Chain scission of
the PHBV chains occurs since, at the same time, they
are attacked by UV-light. Fundamentally, a photodegradation via Norrish II mechanism happens, involving free radicals. These radicals may undergo several reaction paths to yield further radicals, together
with oxygenated species such as hydroperoxides, ketones, and esters, as confirmed by FTIR. The result is
a gradual decrease in the chain length of the PHBV
from transforming the amorphous phase into a crystalline phase as a result of the re-organization of the
resultant shorter chains, as noted after 500 h, as a
higher fragility, lower tensile strength, and higher E.
After 1000 h of exposure, the degradation proceeds,
and the observed cracks and holes in the SEM images are responsible for promoting UV and water penetration to attack the bulk of the PHBV/Corona and
PHBV/RF samples. The degradation process involves
predominantly the destruction of the amorphous
phase but also the crystalline regions. These reasons
should explain the slight decrease noted in E values
for both samples after 1000 h, but also for untreated
PHBV. The PHBV/Corona/2000h and PHBV/RF/
2000h samples, as well as untreated and treated
PHBV samples after natural weathering, were not
tested because they were significantly cracked and
brittle.
From Table 4 it can be deduced that weathering exposure has a severe effect on the mechanical properties of the PHBV samples, whatever the plasma
treatment or weathering type. However, RF samples
showed to be significantly affected earlier by weathering conditions than corona samples. Thus, RF plasma was revealed to be an efficient treatment for surface modification promoting the degradation of
PHBV material significantly.

Table 3. Mechanical properties of the PHBV samples in the
surface area before and after weathering.
Sample
PHBV/0h

Young’s modulus
[MPa].

Mean

Width

276.7

47.3

177.7

PHBV/500

14.9

PHBV/1000

331.9

63.2

PHBV/NW

281.7

55.6

PHBV/2000

349.8

PHBV/Corona/0h

55.9

141.7

PHBV/Corona/500h

25.1

235.4

PHBV/Corona/1000h

PHBV/Corona/2000h

27.0

291.1

101.90

171.1

54.7

219.7

PHBV/Corona/NW

PHBV/RF/0h

53.8

179.0

PHBV/RF/500h

13.0

336.6

PHBV/RF/1000h

51.0

108.8

PHBV/RF/2000h

32.0

243.8

PHBV/RF/NW

48.8

358.8

100.20

Table 4. Mechanical properties of the PHBV samples treated
by corona and RF plasma before and after weathering.
PHBV

Sample

PHBV/NW

PHBV/Corona/0h

PHBV/Corona/500h

PHBV/Corona/1000h

PHBV/Corona/2000h

PHBV/Corona/NW

PHBV/RF/0h

PHBV/RF/500h

PHBV/RF/1000h

PHBV/RF/2000h

PHBV/RF/NW

N.A.: Not available

σbreak
[MPa]

εbreak
[%]

E
[MPa]

34.2±1.7

730±40

181±6

28.3±6.8

626±79

188±14

1.0±0.7

1.3±0.6

N.A.

3.7±1.3
N.A.

N.A.

N.A.

3.9±1.8
N.A.

N.A.

20.5±15.7

631±130

0.7±0.2

0.9±0.9

5.8±1.5
N.A.

N.A.

3.3±1.3
N.A.

N.A.

N.A.

154±84
75±21

N.A.

N.A.

190±18

278±51

51.2±3
N.A.

N.A.

crystalline domains of the PHBV, which are degraded under moisture and UV attack. DSC analysis
showed a significant increase in the crystallinity of
the RF sample, which explains the observed increase
of E after 500 h. The continuing reduction in mechanical properties after 1000 h is related to the continued degradation of the PHBV matrix involving
changes in the molecular weight and phase morphology. When the plasma-treated PHBV samples are
exposed to the action of moisture and UV light, hydrolysis and photodegradation processes take place.

4. Conclusions

The effect of the PHBV surface modification by corona and RF plasma treatment on the accelerated and
natural weathering degradation was explored. Plasma treatments physically and chemically changed
the surface of the PHBV samples. SEM observations
show that plasma processing promotes the development of a rough surface and the formation of pores
in the surface of PHBV after weathering. A decrease
in the water contact angles and increase in surface
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energy indicates the effectiveness of plasma treatment changing the hydrophobic character of PHBV
due to the increase in the number of polar groups on
the surface after oxidation of the free radicals
achieved by plasma. FTIR spectroscopy displays the
characteristic bands of PHBV, and a new event was
noted indicating the hydration of samples and the
C=C bonds created during photodegradation via a
Norrish II mechanism. Structural analysis revealed
an increase in the crystallinity degree resulting from
the re-organization of the small chains originated
during the weathering degradation, which was also
confirmed by the shift in the melting and crystallization temperatures to lower values after weathering.
The mechanical properties were significantly changed
as a result of the weathering degradation. The improved wettability of the plasma-treated surfaces enhanced the water contact during the condensation
cycle of the accelerated weathering test, giving rise
to cavities and voids, which promote the water and
UV attack of the PHBV bulk. In addition, the thermal stabilities were also slightly changed in plasmatreated PHBV. It is important to highlight that this
was more evident in RF than corona-treated PHBV.
Linking these results suggests that RF plasma treatment is an effective plasma method to improve the
wettability of PHBV, which is the main cause of the
earlier weathering degradation of PHBV in this study.
In addition, the results seem to show that 1000 h of
accelerated weathering exposure tends to equal the
degradation products of one year of natural weathering exposure under the Middle-East environment.
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