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Effect of Prior Photodegradation on the Biodegradation
of Polypropylene/Poly(3-hydroxybutyrate) Blends

Roberta K. Sadi,' Guilhermino J.M. Fechine,? Nicole R. Demarquette'
' Metallurgical and Materials Engineering Department, University of Sdo Paulo,

Avenida Professor Mello Moraes, 2463 Sao Paulo, Brazil

2 Materials Engineering Department, Mackenzie Presbyterian University, Rua da Consolacéo,

930 Séo Paulo, Brazil

In this work, the effect of blend composition and previ-
ous photodegradation on the biodegradation of poly-
propylene/poly(3-hydroxybutyrate) (PP/PHB) blends
was studied. The individual polymers and blends with
or without the addition of poly(ethylene-co-methyl ac-
rylate-co-glycidyl methacrylate) [P(E-MA-GMA)] as a
compatibilizer (in the case of 80/20 blend) were
exposed to UV light for 4 weeks and their biodegrada-
tion was evaluated. The biodegradation of PHB phase
within the blends was hindered as PHB was the dis-
persed phase and PP fibrous particles were observed
at the surface of the blend samples after biodegrada-
tion. Previous photodegradation lessened PHB biode-
gradation but enhanced the biodegradation of PP and
the blends within the biodegradation time studied.
Photodegradation resulted in cracks at the surface of
PP and the blends, which probably facilitated the biotic
reactions due to an easier access of the enzymes to
deeper polymer layers. It also resulted in a decrease of
molecular weight of PP phase and formation of car-
bonyl and hydroxyl groups which were consumed dur-
ing biodegradation. Size exclusion chromatography
analysis revealed that only the short chains of PP were
consumed during biodegradation. POLYM. ENG. SCI.,
53:2109-2122, 2013. © 2013 Society of Plastics Engineers

INTRODUCTION

The search for sustainable development has led for the
last two decades to a growing interest in the development
of biodegradable polymers. They can originate from
biomass such as cellulose and starch, from microbial pro-
duction such as polyhydroxyalkanoates, from chemical
synthesis using monomers from agro-resources such as
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poly(lactic acids), or monomers from fossil resources such
as polycaprolactones, for example [1-3]. These polymers
can normally be degraded by the action of micro-organ-
isms such as bacteria and fungi within a reasonable
amount of time [3] that can vary according to the differ-
ent authors from a few months to 2 years.

Poly(hydroxyalkanoates) (PHA) are natural biodegrad-
able polyesters that are synthesized as storage materials
by several micro-organisms in the presence of a carbon
source such as sugar or oil [4]. Poly(3-hydroxybutyrate)
(PHB in the remaining of the text),one of the main PHAs,
is a very fragile polymer due a high crystallinity varying
from 50 to 80% and large spherulitic structures. It is also
unstable with time [4, 5, 6] and presents a difficult
processing: its processing window is rather small as the
melting temperature or is very close to its degradation
temperature [7].

In order to cope with these limitations, it is possible to
blend PHB with other polymers and many efforts have
been spent to optimize the properties of blends containing
PHB either as a matrix or dispersed phase [2, 8]. In this
work, PHB was added to polypropylene (PP) in an attempt
to obtain a blend with reasonable mechanical properties
while conferring some biodegradability to the material. In
a previous article, we reported that it was possible through
a suitable compatibilization to obtain PP/PHB blends with
good mechanical properties [9]. However, as micro-organ-
isms do not manage to metabolize PP within an acceptable
frame of time, even when it is mixed with PHB, one
should not expect the blend to be biodegradable.

It has been reported in the literature that prior photode-
gradation could be a nice tool to enhance biodegradation of
non-biodegradable or even biodegradable polymers. Prior
photodegradation has been shown to enhance biodegrada-
tion of polyolefins [14—17] in this case, photodegradation
normally results in oxygenated chemical bounds and shorter
chains which are normally more easily consumed by
micro-organisms, turning the polymer more accessible
for microbial assimilation. In the case of biodegradable



polymer [14—-17], the effect of prior degradation depends on
the chemical nature of the polymer and the stage of biode-
gradation, prior photodegradation may delay biodegradation
in the first stages of the biotic process due to a crystallinity
increase induced by photodegradation at the surface (in the
case of PHB, for example) [17] and may increase biodegra-
dation in the following stages due to the chain scissions also
undergone during UV exposure. In the case of blends and
composites, very few studies have been published on the
effect of prior photodegradation on biodegradation. To the
authors knowledge, it has been studied only in the case of
polyolefins/starch ~ blends  [low-density  polyethylene
(LDPE)] [18-20] or PP [21] and polyolefins/cellulose com-
posites (PP [22, 23] or LDPE [24]), but the results are still
controversial. In some cases, photodegradation was shown
to enhance biodegradation [19] due to the oxidation of the
polyolefin while in others it was shown not having a large
effect on biodegradation due to crosslinking reactions that
were created between the polyolefins and the cellulose dur-
ing the photodegradation step [22, 24]. The small amount of
studies on the effect of prior photodegradation on biodegra-
dation of blends is probably due to the fact that the mecha-
nisms governing photodegradation of blends and compo-
sites are still not very well understood [25, 26] due to their
complexity. The study of the effect of prior photodegrada-
tion on biodegradation is, however, of prime importance as
polymers which will be littered could be exposed to solar
radiation, and, as a consequence, be subjected to the com-
bined effect of UV light and biological factors, therefore,
more work should be conducted on the subject.

It is well known that the properties of immiscible poly-
mer blends depend on their morphologies, which can be
controlled during processing, through a proper choice of
the rheological properties of the polymers and efficient
compatibilization [27, 28]. Biodegradability is not an
exception [20, 29-37]. If a biodegradable polymer is
added to a nonbiodegradable polymer, the biodegradabil-
ity of the resultant material will also depend on its mor-
phology. If the nonbiodegradable polymer is the dispersed
phase, its presence will result in an enhanced decomposi-
tion of the biodegradable polymer, as the surface area for
biotic reaction of the matrix will increase [17, 36]. If the
nonbiodegradable polymer is the matrix phase, a certain
concentration of biodegradable polymer will need to be
added for the material to be considerably degraded by the
micro-organisms. Wool et al. [31, 32] using both experi-
mental data and mathematical simulations showed
that biodegradation of polyethylene (PE)/starch blends
depends on the thickness of the sample, dispersed phase
particle diameter, concentration of dispersed phase, perco-
lation threshold, and microbial population. When the
starch fraction is higher than the percolation concentra-
tion, pathways for micro-organisms are created and biode-
gradation is accelerated.

Biodegradability of a polymer sample can be accessed
by its consequences on other properties of the material
that can be evaluated by performing visual observations,
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weight loss measurements, changes in mechanical proper-
ties, and molar mass after biodegradation, or directly eval-
uated by measuring CO, production or O, consumption
during biotic among others [38]. Among these techniques,
one of the most used and most accurate in determining
the actual conversion of the substrate into end products is
the one that measures the CO, evolution over the course
of the biodegradation test. The CO, production can be
monitored automatically by infrared and paramagnetic
detectors, and also by manual titration, which is the most
conventional method used [38]. The Sturm test is exten-
sively used as a manual method where the CO, is trapped
in a barium hydroxide solution, which is then titrated with
hydrochloric acid [39]. Although this method is largely
widespread and generally accepted, it requires a consider-
able amount of equipment including three scrubbing flasks
and an air compressor. Another possible way to measure
manually the CO, produced during the biodegradation of
polymers is by the use of a Bartha respirometer, which
was originally developed for determining the biodegrada-
tion of pollutants in soil [40—43]. In this work, it was
used to evaluate the biodegradation of the materials stud-
ied. To our knowledge, it was seldom used for polymers
and it consists of a much simpler device than the Sturm
test [44, 45].

In view of the above, the purpose of this work was to
evaluate the effect of prior photodegradation on the biode-
gradation of PP/PHB blends as such a study has never
been conducted with blends involving poly(hydroxyalka-
noates). The effect of biodegradation on the blends of dif-
ferent concentrations was evaluated by weight loss tests
and the effect of prior photodegradation on the biodegra-
dation of the different materials was evaluated measuring
the carbon dioxide formed as the product of biodegrada-
tion process by Bartha respirometric tests. All samples
were exposed to UV light for 4 weeks and further eval-
uated in terms of crystallinity, melting temperature, chem-
ical structure, and biodegradation. In order to understand
the effect of prior photodegradation on biodegradation the
molecular weight and chemical structure of both blend
components individually and within the blend (the 80/20
blend was considered as a reference) after photodegrada-
tion and/or biodegradation was studied.

EXPERIMENTAL
Materials

Poly(propylene-co-ethylene) (PP) (RP200L) containing
2.5 wt% of ethylene from Suzano Petroquimica (Brazil)
(melt flow index (MFI) of 6 g/10 min) and PHB (B1000)
from Biocycle (Brazil) (MFI of 13 g/10 min) were used
in this work as the main constituents of the PP/PHB
blend. The PP used in this work did not contain any pro-
oxidant or other additives. The PHB used was produced
from microbial fermentation using saccharose from sugar-
cane as the carbon source to the bacteria. The biopolymer
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SCHEME 1. Chemical structure of the compatibilizer used.

was provided as an off-white powder and used without
further purification. Poly(ethylene-co-methyl acrylate-co-
glycidyl methacrylate) [P(E-MA-GMA)] (see structure in
Scheme 1) containing 24 wt% of MA and 8 wt% of
GMA from Arkema (France) (Lotader™ AX8900) (MFI
of 6 g/10 min) was used as a compatibilizer. This compa-
tibilizer was shown to be efficient for PP/PHB blend in a
previous study from the authors [9].

Preparation of Blends

PHB, in powder form, was first pelletized. Then, PP/
PHB blends were obtained in four different weight com-
positions (90/10, 80/20, 70/30, and 60/40). A compatibi-
lized blend with 80/20/10 [PP/PHB/P(E-MA-GMA)] com-
position was also prepared. All blends were prepared in
two steps. In a first step, P(E-MA-GMA) was mixed with
PP and the resultant blend was further mixed with PHB.
In the case of the noncompatibilized blends, PP was first
processed to have undergone the same thermomechanical
history as in the compatibilized blends and further
blended to PHB. The pelletization and preparation of all
blends was performed using a twin-screw extruder Haake
Rheomix PTW 16 operating at 160°C. The preparation of
the blends was performed at a screw speed of 50 rpm and
feeding speed of 10 rpm, while the pelletization of PHB
was undertaken at faster speeds (110 and 50 rpm, respec-
tively), due to the high MFI presented by this material.
The temperature used was chosen as the minimum one at
which PHB could be completely molten in an attempt to
minimize its well-known thermal degradation [46—48].
The materials were further injection-molded in a Demag
Ergotech machine at 170°C and at a screw speed of
160 rpm.

Photodegradation

The molded samples were exposed to artificial UV
radiation a few days after injection to take into account
the change of morphology of the sample after processing
as it is well known that the crystallinity and morphologi-
cal structure of PHB evolves at room temperature after
processing [4—6]. For UV radiation exposure, an acceler-
ated weathering chamber QUV from Q-Panel (Cleveland,
OH) containing 8 UV-A fluorescent lamps was used. The
lamps of the weathering chamber have a maximum irradi-
ance of 0.89 W/m? at 340 nm. This wavelength presents a
good correlation with the sunlight spectrum. The weather-
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ing cycles were defined as follows: 8 h under UV light at
60°C and 4 h in the dark under condensed water at 50°C.
The exposure time used was 4 weeks and the dimensions
of the sample were 70 X 13 X 0.8 mm® (length X width
X thickness).

Biodegradation

Weight Loss Tests. Before UV exposure, an initial
study of the composition influence on the biodegradability
of the samples was performed by means of the weight
loss test. Individual PP, PHB, or blends of different con-
centrations were exposed to simulated compost containing
equal parts (by weight) of soil, sand, and manure as sug-
gested by the ASTM D5988 standard [49]. The compost
used was analyzed in terms of its macronutrients and
some other parameters, results are shown in Table 1.
Specimens were cut into dimensions of 10 X 13 X 0.8
mm?>, buried in trays, and incubated in the dark inside an
oven maintained at 30°C. Distilled and deionized water
was added to the compost every week to bring the mois-
ture content to 30%. Periodically, the samples were taken
from the trays, carefully washed with water, dried in a
vacuum oven at 55°C for approximately 20 h, and
weighed on a Shimadzu analytical balance model
AUW220D. Approximately six measurements were per-
formed for each type of sample. Weight loss was deter-
mined by the following equation:

Weight loss(%) = <WOV;W’) x 100 (1)
0

where W, and W, are the weight of the samples before
burial and after burial for a given time, respectively.

Bartha Respirometry. The samples exposed to UV
radiation could not be evaluated by the weight loss test.
After photodegradation, the samples containing a high
content of PP were very brittle and easily broken by han-
dling, thus their biodegradability evaluation by the weight
loss test would lead to nonprecise results. Therefore, the
effect of photodegradation on biodegradation was assessed

TABLE 1. Analysis of the soil used in the weight loss and
respirometric tests.

Parameters Unit Value
pH - 5.7
Organic matter g/dm® 74

C % 10.9
N % 0.53
S % 0.08
p mg/dm? 296

K Mmolc/dm? 14.1
Ca Mmolc/dm® 112
Mg Mmolc/dm? 62

H + Al (total acidity) Mmolc/dm? 31
CEC Mmolc/dm® 219.1
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FIG. 1. Bartha respirometer. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

evaluating the CO, produced during the biodegradation of
polymers using a Bartha respirometer [40—42] as illus-
trated in Fig. 1 following the Brazilian standard ABNT
NBR 14823:1999.

In a typical test, the samples are placed in an Erlenmeyer
flask (G) together with the soil mixture described in the
weight loss test containing a water content of 60% of its
field capacity, as recommended by the standard. Air, free of
CO, which is absorbed by Soda lime (J), is injected into the
upper side of the Erlenmeyer flask through a hose connected
to an oxygen cylinder. Aerobic biodegradation takes place
in the Erlenmeyer flask producing CO, gas as shown in
chemical Eq. 1. The CO, is trapped in the side arm of the
respirometer reacting by a KOH 0.4 N solution (chemical
Eq. 3). This solution is taken from the respirometer weekly
and titrated with a HCI 0.1 N solution (chemical Eq. 4). A
fresh KOH solution is added to the respirometer after the
whole system is aerated for 5 min. Then the whole set up is
re-incubated inside an oven maintained at 30°C until next
measurement.

Cpolymer + 02 — COz + Hz0 + Cresidue )
2 KOH + CO; — K,CO3 + H,O + KOHremaining 3)
KOHremaining + HCl — KCIl + H,O @)

The amount of CO, produced in each respirometer can
be calculated using Egq. 5:

mgCO, = (A — B) x 2.2 X fuc )

where A is the HCI volume used to titrate the blank sam-
ple (fresh KOH), B is the HCI volume used to titrate the
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KOH solution taken from the respirometer, 2.2 is the con-
stant that relates ml of HCl with mg of CO,, and fycy is
the HCI solution factor.

In the present work, for each sample, the system was
assembled in triplicate as recommended by the standard.
Samples cut with the dimensions 40 X 13 X 0.8 mm’
were placed in the Erlenmeyers. A set of three control
respirometers containing only the soil mixture was also
tested.

The results were expressed in terms of biodegradation
degree, which was calculated by dividing the amount of
CO, obtained by the theoretical amount of CO, that
should be produced in each respirometer The theoretical
CO, was obtained by the following equation:

44 % G,
Theoretical CO, = % (6)

where C; and m are the carbon content and mass of each
sample, respectively. The carbon content was estimated
theoretically for each polymer and blend considering their
compositions. As each respirometer contained was also
taken into account.

The amount of CO, produced in the respirometers con-
taining the polymer and the soil was subtracted from the
result obtained in the control respirometer (containing just
the soil) in order to yield the amount of CO, and, there-
fore, the biodegradation degree related only to the poly-
mer sample. The soil also produces CO, due to its or-
ganic matter (Table 1).

It was checked that the system was properly sealed
using the bubble test and titrating a KOH solution kept
inside an empty (without soil or sample) respirometer for
a week. The result yielded the same value as the titration
of a fresh KOH sample indicating that the KOH inside
the respirometer was not absorbing CO, from outside.

Characterization Techniques

The morphological observations of the surface were
performed on the individual polymers or blends before
and after photodegradation and/or biodegradation. In order
to understand the influence of prior photodegradation on
the biodegradation of the different samples studied (indi-
vidual polymers and blends), Fourier transform infrared
spectroscopy (FTIR) and size exclusion chromatography
(SEC) analyses of PP and PHB before and after degrada-
tion (photodegradation and/or biodegradation) were car-
ried out. SEC analyses of PP and PHB phases within the
80/20 noncompatibilized blends were also performed.
FTIR of the blend samples could not be performed as the
carbonyl band of photo-oxidized PP would be overlapped
with the one of PHB. The analysis (SEC) of the samples
after degradation was performed using samples from an
upper layer (0.1 mm from the exposed surface). To evalu-
ate the molar mass by SEC of PP or PHB phases within
the blend, entire samples (before or after degradation),
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that is, samples were submitted to selective extraction. PP
was separated by successive washing of the blend in tolu-
ene (at a temperature of about 110°C) followed by filtra-
tion and precipitation by addition of acetone to the solu-
tion. Toluene was chosen because previous tests showed
that this solvent would dissolve PP without attacking
PHB. The separation of PHB was performed washing the
blend in chloroform (at a temperature of about 55°C) fol-
lowed by filtration and precipitation in solution adding
methanol to the system.

Scanning Electron Microscopy. The morphology of the
blends as well as the surface of the different materials af-
ter photodegradation and/or biodegradation were observed
using a Scanning Electron Microscope Philips XL 30 with
a voltage of 20 kV after the materials were coated by gold
sputtering. To study the morphology of the blends prior to
any degradation, the samples were crio-fractured after
cooling in liquid nitrogen before the sputtering.

Size Exclusion Chromatography. Size-exclusion chro-
matography (SEC) analyses of PHB samples were con-
ducted using a Waters equipment with three columns phe-
nomenex 5 y Phenogel linear (7.8 X 300 mm?) and a pre-
column connected in series at a temperature of 30°C, with a
refractive index detector Waters 2414 at a temperature of
40°C. PHB was dissolved in HPLC chloroform and the fil-
tered solution injected into the equipment containing as the
mobile phase chloroform at a flow rate of 1 ml/min. The
columns were calibrated with narrow molecular weight pol-
ystyrenes samples. The SEC analyses of PP were carried
out using a chromatograph Polymer PL 220 model equipped
with a refractive index and a viscosimetric detector. The
equipment contained four columns Toso-Hass (HT3, HT4,
HTS, and HT6), a precolumn (500 Ao) and was operated at a
temperature of 150°C. PP was dissolved in HPLC grade
1,2,4-trichlorobenzene together with 0.1 g/l of the thermo-
stabilizer 2,6-di(ferz-butyl)-4-methylphenol and the filtered
solution was injected into the equipment which used a sol-
vent flow rate of 1 ml/min. The equipment was calibrated
with a series of monodisperse polystyrene standards. The
calibration curve was validated using a polydispersed poly-
ethylene standard sample NBS 1475 following the proce-
dures of Hoeve et al. [50].

Fourier Transform Infrared Spectroscopy. FTIR was
carried out using a Nicolet Magna 560 spectrophotometer.
The samples analyzed were thin films melt pressed from
sections of the materials containing their initial thickness
(0.8 mm) since it would be very difficult to obtain contin-
uous films only from the particles contained in the
degraded surface of the samples. The analysis was made
with thin films by transmission and 64 scans were accu-

mulated at a resolution of 4 cm ™.

UV/Visible Spectroscopy. UV/Visible spectroscopy (UV/
VIS) in the transmittance mode was performed in a
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Shimadzu Multispec 1501 spectrophotometer using solid
samples containing their initial thickness (0.80 mm).

RESULTS AND DISCUSSION

Effect of Blend Composition and Compatibilization

The morphological observations of cryogenic fractures
of the blends revealed that all the blends studied (with
concentrations ranging from 90/10 to 60/40) with and
without compatibilizer presented a morphology of dis-
persed PHB droplets within a PP matrix (data not shown
here). Also, as the concentration of PHB increased, the di-
ameter of the dispersed phase increased due to coalescence
of dispersed phase during processing [51, 52] and when
P(E-MA-GMA) was added to the blend the size of the dis-
persed phase decreased and a better adhesion between
PHB and PP phase was observed evidencing the compati-
bilization effect of P(E-MA-GMA) due to a chemical reac-
tion between the epoxy group of P(E-MA-GMA) and the
carboxylic acid group from the chain end of PHB [9].

Figure 2 presents the weight loss for the different blends
(not exposed to UV light) studied here, as a function of
time. Figure 2b presents the weight loss of the blends after
306 days of biodegradation and an “extrapolated” weight

(a) 25 — ; . T T

—=— PP

—e— PHB

20 |—a— PP/PHB 90/10
—v— PP/PHB 80/20
—<4— PP/PHB 70/30

—»— PP/PHB 60/40

-
4,]

Weight loss (%)
=

o
T

50 100 150 200 250 300
Biodegradation time (days)

o

(b)10

222 Weight loss extrapolated
I \Weight loss obtained

Weight loss (%)

L

90/10 80/20 70/30 60/40
PP/PHB Blend composition

FIG. 2. Weight loss of the materials without exposure to UV radiation:

(a) values obtained for the blends and pristine polymers and (b) values
obtained and extrapolated for the blends.
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loss that would have been obtained if the PHB within the
blends had biodegraded at the same rate as the individual
PHB. It can be seen that PHB presents high values of weight
loss, whereas PP does not show any biodegradation. It can
be seen that the weight loss reaches higher values as the
concentration of PHB increases within the blends. Similar
behavior has already been observed in the literature [53]. It
can also be seen that the weight loss experimentally
obtained is much lower than the extrapolated one indicating
that the biodegradation of PHB was hindered within the
blends. The data also show that the ratio weight loss experi-
mentally evaluated/extrapolated weight loss increased with
increasing concentration of dispersed phase. These results
can be explained in light of the morphology of the blends.
Within the blends, the only phase that is biodegradable is
PHB, which forms a noncontinuous phase of dispersed
droplets within a matrix of PP. When the micro-organisms
are in contact with the blends, they do not encounter a con-
tinuous phase of biodegradable material, but particles sepa-
rated from each other, and as the concentration of the dis-
persed phase increases, the size of the dispersed phase
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SEM of the samples surface after 306 days of the weight loss test: (a) PP, (b) PHB, (c)PP/PHB 90/
10, (d) PP/PHB 80/20, (e¢) PP/PHB 70/30, and (f) PP/PHB 60/40.

increases explaining the increase in the ratio of weight loss
shown in Fig. 2. Moreover, blends obtained by injection
molding [54] present a profile of morphology with a skin of
matrix (in the case of the blends studied here PP) phase at
their surface also contributing for the slower biodegradation
of the blend when compared to the one of individual PHB.
The results obtained here are in good agreement with the ex-
perimental results of several researchers [33-36] and with
the theories of percolation developed by the research group
of Wool [31, 32, 34]. This theory suggests the existence of a
percolation threshold, which is the minimal amount
required of the biodegradable material to achieve connectiv-
ity between its domains and therefore to allow accessibility
of the micro-organisms to its chains. The results of mor-
phology and biodegradation presented indicate that for the
system and processing conditions used in the present work
the maximum content used of 40% PHB is still below the
percolation threshold.

Figure 3 shows the superficial morphology of the dif-
ferent samples after 306 days of biodegradation. It can be
seen that the PP/PHB blends with higher concentration of

DOI 10.1002/pen



PHB present a fibrous structure at their surface. The pres-
ence of this structure, which could be seen visually,
seemed to increase with increasing time of biodegrada-
tion. As PP is the continuous phase in the blends, these
particles are likely to consist of PP phase, which was not
consumed during the biodegradative process and was
released from the blends as PHB was decomposed.

Figure 4 shows the biodegradation degree for 80/20
noncompatibilized and compatibilized blends. The results
seem to indicate that the compatibilized blend suffers less
biodegradation. These results could be due to a smaller
size of the PHB nodules or to the dilution effect resultant
from the addition of 10 wt% of the compatibilizer P(E-
MA-GMA) which is not biodegradable. Very few studies
of the effect of compatibilization on biodegradation have
been conducted in the literature but a slower biodegrada-
tion for compatibilized blends has already been observed
in the case of polycarbonate/polylactic acid blends [55].
An observation of the surface of the compatibilized blend
after biodegradation did not show the particles that were
observed in Fig. 3 for the non compatibilized blend (see
Fig. 3d) which is in good agreement with the smaller bio-
degradation observed.

Effect of Prior Photodegradation

The effect of prior photodegradation on biodegradation
was studied using samples that had been exposed to UV
light for 4 weeks in the conditions reported in experimen-
tal methods. In the remaining of the text, the materials
which were not exposed to either photodegradation nor
biodegradation will be referred to as non-degraded materi-
als, the ones that were exposed only to UV light will be
named photodegraded materials, the ones that were
exposed only to biodegradation will be referred to as bio-
degraded materials and the ones that were exposed to
both photo and bio degradation will be named photobio-
degraded materials.

Production of CO, and Weight Loss During Biodegra-
dation. Figure 5 shows the biodegradation degrees for
non-degraded and previously photodegraded samples. The
values showed represent an average of three measurements
for each sample. Here the data for isolated PP and PHB as
well as 80/20 compatibilized or not blends are presented.
The data for the other blends are not shown as they pre-
sented the same trend. It can be seen from Fig. 5 that a
prior exposure to UV light hindered the biodegradation of
PHB (such behavior was already presented and discussed
in more details in a previous study from the authors [17])
whereas it enhanced the one of PP and the blends.
Enhancements of biodegradation after UV exposure have
already been reported in the literature [10-12, 18, 23].

The biodegradation values of PHB and PP/PHB 80/20
blend (12 and 3%, respectively, before exposure to UV
light) obtained for the time studied in this work (56 days)
are lower than other values reported in the literature (24%

DOI 10.1002/pen

30F _a—pP/PHE 80/20 ’
L —v— PP/PHB/P(E-MA-GMA) 80/20/10

25}

20

10

05} i

Biodegradation degree (%)
(4]

0,0 i

0 10 20 30 40 50 60
Time (days)

FIG. 4. Biodegradation degree of PP/PHB 80/20 and PP/PHB/P(E-MA-
GMA) 80/20/10 blends before exposure to UV light. These results corre-
spond to samples with 0.8 mm thickness, which leads to the low biode-
gradation degree observed.

for poly L lactic acid (PLLA) and 10% for ethylene vinyl
alcohol copolymer/PLLA 60/40 blend after 23 days [56],
60% for cellulose and 10% for LDPE/cellulose 50/50
blend after 30 days [24], 25% for PLLA after 23 days
[57], and 20% for PBS after 35 days [58]). This can be
mainly attributed to the difference in the specimen thick-
ness used in such studies. While in the present study a
thickness of 0.8 mm was used, in the other studies men-
tioned a smaller thickness was employed (0.1 mm [58],
0.2 mm [56, 57], and 0.5 mm [24]). Since biodegradation
is a superficial process, samples with greater thickness are
expected to biodegrade at a lower rate. Furthermore,
thicker samples usually do not decompose completely
upon the biodegradation time studied, allowing them to
be analyzed by other physical/chemical methods after bio-
degradation, which complement the results obtained.

Sample Morphology and Physical Aspect of the Sam-
ples. Figures 6 and 7 show the morphologies of the sur-
face of PP, PHB, and PP/PHB 80/20 blends compatibi-
lized or not prior and after photo/or biodegradation in the
respirometer. It can be seen that surface erosion occurred
for PHB after the biodegradation test whereas no change
of surface could be observed for PP. These results are
expected due to the chemical nature of these polymers.
UV exposure resulted in surface cracks for PP and its
blends with PHB. This crack formation is related to
chemi-crystallization process that causes densification of
surface layers and ultimately leads to spontaneous crack-
ing [59] and has been observed in several studies [60].
The surface of PHB seems to have not been affected by
UV light and the occurrence of cracks was less severe for
the blends than for the pristine PP, most likely due to a
better photostability of PHB than PP [17]. Also, when
PHB is added to PP, the samples become darker and the
penetration of UV light is reduced as PHB content raises
[17]. The cracks formed during UV radiation on the
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exposed or not to UV radiation for 4 weeks. These results correspond to samples with 0.8 mm thickness,
which leads to the low biodegradation degree observed.

surface of the samples may have facilitated the access of
oxygen and enzymes to deeper layers of the samples,
increasing the biodegradation reactions for both PP and
the blends.

The morphologies of the materials after photo and bio-
degradation do not present drastic changes when com-
pared to the ones of the samples that was only photode-
graded. However, no fibrous structure could be observed
on the surface of blend samples which were both photo
and biodegradaded as it was observed on the surface of
the sample that only had been subjected to biodegradation
(Fig. 3). This possibly occurs because the PP remaining
in the samples with its molecular weight reduced by the
action of UV radiation (as will be shown further) did not
present enough integrity for the formation of continuous
particles.

Figure 8 presents the physical aspects of PP, PHB, and
PP/PHB 80/20 and 60/40 blends prior any degradation
and after photodegradation and/or biodegradation. It can
be seen that UV exposure resulted in a change of color
for all the samples: PHB and the blends whitened prob-
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ably due to a change of surface roughness and crystallin-
ity [17] whereas PP became yellower due to the formation
of chromophores that can absorb visible light. It can also
be seen that biodegradation after UV exposure resulted in
much more changes of the sample surfaces than biodegra-
dation alone: PHB had part of its white surface consumed
and the blends presented the formation of color spots that
can be attributed to fungus attack [17]. Similar observa-
tions were made by Okamoto et al. [61] who studied the
biodegradation of PBS clay containing nanocomposites.
In the present work, after biodegradation without prior
photodegradation, these color spots were only observed
on the surface of the blends with greater PHB content (30
and 40%), while after UV exposure followed by biodegra-
dation this behavior was not only more severe in these
materials as it could already be observed for the blends
with minor PHB content. Also PP and the blends present
dark spots at their surface which are soil particles remain-
ing in the samples that could not be washed out as they
were probably retained in the cracks formed during
photodegradation. These observations indicate that prior
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FIG. 6. SEM micrographs of the surface of PP (first column) and PHB (second column): (a) without degra-
dation, (b) after the respirometry test for 56 days, (c) after UV exposure for 4 weeks, and (d) after UV expo-
sure for 4 weeks and the respirometry test for 56 days.

photodegradation was indeed effective in helping the
biodegradation of the blends, or at least was able to con-
tribute to a better adhesion of micro-organisms to the
polymer surfaces.FTIR — SEC

The results shown in Figs. 5-8 indicate that prior ex-
posure to UV light affected the biodegradation of both
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PHB and PP. The reasons for the slower biodegradation
of PHB after UV exposure for the time duration studied
are discussed in details somewhere else [17]. The increase
of biodegradability of PP is probably related to the forma-
tion of chains with lower molecular weight containing
hydrophilic groups during UV exposure, which was
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PP/PHB (80/20)

(a)

PP/PHB/P(E-MA-GMA) (80/20/10

FIG. 7. SEM micrographs of the surface of PP/PHB 80/20 (first column) and PP/PHB/P(E-MAGMA) 80/
20/10 (second column) blends: (a) without degradation, (b) after the respirometry test for 56 days, (c) after
UV exposure for 4 weeks, and (d) after UV exposure for 4 weeks and the respirometry test for 56 days.

monitored in this work by FTIR and SEC analysis. PP
was shown to dissolve readily in xylene after photodegra-
dation indicating that photodegradation did not result in
crosslinking in this material despite the 2 wt% of PE
within its chain.

2118 POLYMER ENGINEERING AND SCIENCE—2013

Prior UV exposure also resulted in an accelerated bio-
degradation of the blends. Photodegradation of blends is a
very complex subject that is not fully understood yet. The
photodegradation of a blend may not only be considered
as merely an additive effect of the photodegradation of
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(a) PHB PP

PP/PHB 80/20 PP/PHB 60/40

FIG. 8. Photographs of PHB (first column), PP (second column) blends, PP/PHB 80/20 (third column), and
PP/PHB 60/40 (fourth column): (a) without degradation, (b) after the respirometry test for 56 days, (c) after
UV exposure for 4 weeks, and (d) after UV exposure for 4 weeks and the respirometry test for 56 days.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

each of its components. Migration of free radicals and
small molecules originated from the photodegradation pro-
cess of one of the phases, of additives, as well as energy
transfer may occur from one polymer to another [62].
Thus, the effects can be diverse: it may happen that a
component of the blend has its photodegradation sup-
pressed or enhanced when compared with the original
polymer. Understanding the mechanism of photodegrada-
tion of the PP/PHB blend is out of the scope of the present
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artcle. Here, photodegradation was evaluated as a tool to
accelerate the biodegradation of PP/PHB blends. The rea-
sons for this possible acceleration will be discussed below
in light of the chemical changes undergone by PP and the
decrease of molecular weight of either polymer within the
blends during photodegradation. For that, the composition
80/20 was chosen as a representative PP/PHB blend.

Table 2 presents the carbonyl and hydroperoxide index
for PP prior to photo and biodegradation and after UV
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TABLE 2. Carbonyl and hydroperoxide indexes of PP before and after
UV exposure for 4 weeks and/or biodegradation in the respirometer for
56 days.

TABLE 4. Molar mass of pristine PHB and PHB within PP/PHB 80/20
blend before and after UV exposure for 4 weeks followed or not by
biodegradation in the respirometer for 56 days.

Degradation type Carbonyl index Hydroperoxide index

- 0.33 0.28
Biod 0.25 0.28
uv 7.80 5.50
UV/Biod 3.55 2.20

exposure and/or biodegradation. These indexes were cal-
culated as follows.

Carbonyl index = Abs 1712 cm ™! /Abs 2720 cm™'  (6)

Hydroxyl index = Abs 3450 cm~'/Abs 2720 cm™! (7)

It can be seen from Table 2 that some of the carbonyl
and hydroperoxides generated by photodegradation were
consumed during the biodegradation of PP. These results
are in good agreement with results previously reported in
the literature, which indicated the reduction of the car-
bonyl band after the biodegradation of LDPE [14, 16, 17]
PP [14] and PP-g-MAH/coconut fiber composites [23].
This could be due to the release of short-chain carboxylic
acids in the form of degradation products during the bi-
otic stage [10].

The molecular weights of the samples of pristine PP
and PHB as well as their phases within the blends prior
and after photodegradation and or biodegradation are pre-
sented in Tables 3 and 4. It can be seen from these tables
that the molecular weights of either PP or PHB (pristine
or within the blend) decrease after UV exposure. How-
ever, the molecular weight of PHB decreases in a lower
extent due to the better photostability of this polymer
[17]. Table 5 presents the distributions of molecular
weight of PP within and not within the blend before and
after photodegradation. It can be seen that before UV ex-
posure, most of the PP chains had a molecular weight
larger than 100,000 whereas after photodegradation most
of the chains had a molecular weight smaller than 10,000.
Table 3 also shows that there was a small decrease in the
molar mass of PP after biodegradation without prior expo-

TABLE 3. Molar mass of pristine PP and PP within PP/PHB 80/20
blend before and after UV exposure for 4 weeks followed or not by
biodegradation in the respirometer for 56 days.

Material Degradation type M., M, M., / M,
Pristine PP - 234,000 64,700 3.61
uv 6600 1800 3.64
Biod. 208,200 58,700 3.54
UV/Biod. 8200 3600 2.27
PP (blend 80/20) - 269,600 67,800 3.98
uv 12,100 4500 2.69

Material Degradation type M, M, M, /M,
Pristine PHB - 136,700 62,000 2.20
uv 55,800 21,300 2.62
Biod. 131,400 59,400 2.21
UV/Biod. 45,800 15,200 3.02
PHB (blend 80/20) - 143,600 49,400 2.91
uv 38,000 9300 4.09

sure to UV radiation. This behavior has also been
reported for PP [10] and polyethylene [10, 24] and should
be related to either breakage of the chains of low molar
mass of PP by micro-organisms (Table 5 shows a small
fraction of molecules in this range) or to differences of
sampling. Biodegradation preceded by photodegradation
resulted in an increase of PP molecular weight. This
behavior could also occur for some difference in sampling
(as photodegradation of PP is a heterogeneous process
[63], or be due to consumption of part of the chains of
low molecular weight generated by photodegradation).
The results presented in Table 4 show that the decrease
of molecular weight of PHB after biodegradation is rela-
tively small considering that this polymer is biodegrad-
able. However, one should remember that the fraction of
the sample evaluated is the one that has not biodegraded
yet or was partially consumed by the micro-organisms,
maintaining part of its original properties. Although the
drop of molar mass after biodegradation for PHB was of
the same order of magnitude as the one for PP, PHB bio-
degraded much more as can be seen in Figs. 2 and 5. Fur-
thermore, the PHB sample presented a great drop of its
thickness after biodegradation, whereas PP did not present
any visual modification. The decrease of molecular weight
of PHB after biodegradation preceded by photodegrada-
tion was larger than the samples that were only exposed
to the soil. This result implies that the remaining PHB
sample analyzed after photo/biodegradation was in a dif-
ferent stage of the decomposition process.

The substantial drop of the molecular weight of polyo-
lefins after UV exposure is a well-known phenomenon

TABLE 5. Distribution of molar masses obtained by GPC for pristine
PP and PP within PP/PHB 80/20 blend before and after UV exposure for
4 weeks.

% Area

PP (80/20 PP (80/20
Range of Pristine PP Pristine PP blend) blend)
molar mass before UV after UV before UV after UV
>1,000,000 2.3 - 3.7 -
999,999-100,000 61.0 - 61.4 0.6
99,999-10,000 34.1 29.3 32.2 33.6
<9999 2.3 70.7 2.4 65.7
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FIG. 9. Molar mass distribution of PP after UV exposure for 4 weeks
and after UV exposure for 4 weeks and biodegradation (respirometry test
for 56 days).

[10, 12, 22, 64, 65] which together with the formation of
functional groups could explain the increase of biodegrad-
ability. However, it has been reported in the literature that
micro-organisms could only assimilate paraffinic chains
of a molecular weight of up to 500 g/mol [66] (another
study reported the rapid assimilation of oxidized frag-
ments of PE chains with a molar mass of 40,000 g/mol
[67]). The SEC histograms of the samples analyzed here
indicated that the smallest molecular weight for the PP
samples before and after UV exposure were 1700 g/mol
and 800 g/mol, respectively. Figure 9 presents the SEC
histograms of PP before and after biodegradation (pre-
ceded by photodegradation). The comparison of both his-
tograms seems to indicate that no short chains were con-
sumed during biodegradation. However, PP that had been
previously photodegraded presented a larger CO, produc-
tion (see Fig. 5a). Since the columns used in SEC had a
lower detection limit of 500 g/mol, photodegradation
could have resulted in chains with molar mass <500 g/
mol which were consumed during biodegradation. This
result is very important to clarify that the molecules that
have not had their molecular weight drastically reduced
by the action of UV radiation are not readily consumed
by micro-organisms, and neither are likely to suffer any
breaks during the biodegradation which would allow their
quick bio assimilation.

CONCLUSIONS

The effect of blend concentration and prior photode-
gradation on the biodegradation of PP/PHB blends has
been studied in this work. The experimental results pre-
sented, led us to conclude that the biodegradation of PHB
was hindered within the blends as they presented dis-
persed droplet type morphology where the PHB domains
did not have connectivity, turning their access by micro-
organisms more difficult. Also, prior photodegradation
resulted in a slower biodegradation of PHB but enhanced
the biodegradation of both PP and PP/PHB blends due to
the formation of carbonyl and hydroxyl group as well as

DOI 10.1002/pen

a decrease of molecular weight of PP. However, the
results suggested that only the molecules that had their
molecular weight drastically reduced by the action of UV
radiation are readily consumed by the micro-organisms.

The addition of PHB to polyolefins may bring some
biodegradability to the resultant material that can offer
good mechanical properties, provided the blend morphol-
ogy is properly controlled. To enhance the biodegradation
of the resultant blends prior photodegradation can be used
as an important tool. However, both the presence of PHB
and the acceleration of biodegradation due to prior photo-
degradation do not turn the overall material biodegradable
but more responsive to biotic reactions.
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