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Ageing of foils made from poly(lactic acid)/poly(3-hydroxybutyrate) PLA/PHB blends, unfilled or filled with

1 wt% of carbon black is presented. The foils were either buried in the soil or exposed to the sunlight for 4

months to imitate the behavior of the material when applied as mulching foils. In addition, UV-vis irradiation

and hydrolysis over water vapor were studied under laboratory conditions. Finally, the effect of the ageing
under the mentioned conditions on mineralization of the foils at room temperature was investigated in

order to simulate plowing the material after its application. The degradation was studied by gel

permeation chromatography and structural changes were investigated using differential scanning
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calorimetry. The changes in mechanical properties were investigated by dynamic-mechanical thermal

analysis and a tensile test. Addition of carbon black to PLA/PHB resulted in improved photochemical
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1. Introduction

Plastics are widely used in packaging and agriculture, however,
most of them are resistant to microbiological attack, leading to
an accumulation of plastic waste in landfills. Biodegradable
polymers represent a suitable solution for this problem due to
the chemical structure of the polymer containing oxygen which
enables enzymatic hydrolysis to occur and they are prone to
natural recycling by biological processes. Environmentally
friendly materials, such as poly(hydroxyalkanoates) (PHAs) and
poly(lactic acid) (PLA) represent two families of biodegradable
polymers derived from renewable resources. PLA is the first
polymer based on renewable materials commercialized at
a large scale due to its thermoplastic behaviour, good process-
ability, biocompatibility and some interesting physical proper-
ties e.g transparency after processing." Unfortunately,
amorphous PLA is rigid and brittle due to the glass transition
temperature (T,) above RT, being in the range of 50-60 °C,
which limits the application of PLA materials. Therefore,
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stabilization of the foils, preventing supplemental crystallization during ageing and provided longer
retention of the mechanical properties during ageing.

considerable efforts have been made to improve the plastic
deformation ability. To enhance the flexibility of PLA polymers
the citrate esters,*> poly(ethylene glycol),® glycerol* and tri-
acetine® are commonly used as the plasticizers. On the other
hand, the addition of plasticizers generally results in lower
strength and Young's modulus of PLA.® For these purposes the
nano-structured carbon fillers have been used to enhance the
mechanical properties such as modulus and tensile strength of
the composites.”

PHAs belong to a family of poly(hydroxyesters) of 3-, 4-, 5-
and 6-hydroxyalkanoic acids. Structurally the simplest and
generally the most frequently investigated PHA is poly(3-
hydroxybutyrate) (PHB) synthesized in bacteria as an energy
storage material.®* PHB is fully biodegradable thermoplastic
polyester, however, its broader application is hindered by its
brittleness and low thermal resistance leading to extensive
thermal degradation during processing. Partial solution of this
problem is represented by synthesis of copolymers, such as
poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV), introduction
of additive or preparation of blends with PLA.? It's well known,
that preparation of blends using certain weight ratio of poly-
mers may have synergistic effect and resulting mechanical
properties could be greatly modified.” The mechanical and
thermal stability are very important for packaging as well as
agriculture applications (mulching foils or tunnels). Under
these applications blends will be exposed to sunlight and to
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other weather elements such as heat and moisture. Thus, it
becomes of great importance to elucidate how PLA/PHB blends
and also its composites with carbon black (CB) will respond
when exposed to these conditions.

In the natural environment, the degradation of PLA proceeds
either through hydrolytic or enzymatic chain scission of the
ester bonds resulting in fragmented low molecular weight
residues which are more vulnerable for bacterial attack."
Generally, degradation of PLA proceeds readily in compost
environment, which is characterized by relatively high temper-
atures."” ' Agarwal et al.*® reported that microorganisms do not
enhance PLA degradation and that polymer cleavage proceeds
solely through abiotic hydrolysis of ester linkages in the pres-
ence or absence of microorganisms.

Weng et al.* found that the degradation of PHA is caused by
bacteria catalyzed erosion from the surface to the interior, while
PLA is hydrolytically degraded, resulting in different degrada-
tion rates in different depths of soil due to different humidity
and microbial strains influence on the polymers. It was shown
that PLA buried 40 cm in the depth of soil undergoes to
degradation more rapidly than in aerobic conditions. The
finding, that abiotic chemical hydrolysis at elevated tempera-
tures in the presence of water is primarily responsible for PLA
chain cleavage and consecutive degradation was confirmed by
many works published recently.””* Moreover, carboxyl end
groups initially present or formed during the chain cleavage
may participate in auto-catalyzed ester hydrolysis.>>*

The (bio)degradation behavior of PLA/PHAs blends has been
investigated by many researchers. While published papers have
been focused on the (bio)degradation of PHA, PLA, or their
blends under composting conditions*** as well as on photo-
degradation®”**' and laboratory simulations testing,*** the
degradation behavior of PLA/PHB and PLA/PHB/carbon black
materials in real soil environments has not been reported so far.

The aim of the study presented in this paper is to offer better
understanding and enrich the existing knowledge about the
long-term degradation of PLA/PHB blends and their composites
with 1 wt% carbon black loading under conditions of agricul-
tural weathering. The hydrolytic and (bio)degradation behavior
in the natural soil environment was studied by small scale
flower pot experiments and by respiration test on the simulated
soil burial experiments under controlled laboratory conditions.
To compare the results of natural ageing caused by sunlight, the
PLA/PHB/CB blend was also exposed to artificial UV radiation at
different irradiation times. The thermal and mechanical prop-
erties were evaluated on aged composite foils and compared to
unfilled PLA/PHB foils exposed to the same ageing treatment.

2. Materials and methods

2.1. Materials

Commercial blend PLA/PHB Nonoilen® pellets were provided
by Panara s.r.o. (Nonoilen contained PLA, PHB polymers and
citrate ester as plasticizer). Delivered pellets were converted into
two types of film using film blowing technology. The first one
was prepared directly from original material and the second
one, containing 1 wt% of carbon black (N220, supplied by
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Corax®), was prepared with addition of carbon black master-
batch. The carbon black masterbatch containing 30 wt% of
carbon black was prepared by melt mixing of PLA/PHB pellets
with appropriated amount of carbon black at 175 °C and 40 rpm
using Plasti-corder Brabender PLE 331 equipped with 30 mL
chamber (Germany). Film blowing was performed at 190 °C, the
thickness of the resulted foil was approximately 40 um. A soil
was collected in an agricultural region at South Slovakia near
Danube River. The pH of the soil was determined according to
the standard STN ISO 10390 and was 7.5. Its moisture hold
capacity (MHC) represents the moisture in soil that keeps inside
against the gravity and was established on 0.85. Expanded Perlit
EP 200 for agricultural purposes has grain diameter 0.5/4 mm
and was purchased from LB Minerals, a.s. Slovakia. Deionized
water in Millipore® system with 18 mQ/25 °C was used for all
solutions needed for titrations.

2.2. Outdoor weathering

The foils were cut into 10 x 30 cm specimens and their
weathering was carried out in the standard flower pots (45 x 20
x 20 cm) by the manner simulated the real conditions in the
field as mulches (Fig. 1). Part of the samples was buried in the
soil and part of the foil was located on the top of soil (exposed to
the sunlight), while the samples were watered regularly to
imitate the agricultural treatment. To follow the changes during
weathering, the samples were washed by warm water, dried at
room temperature in the dark overnight, stored in the dark and
tested within one week. In all used testing methods (all except
tensile test) at least 2-3 samples from various places were cut
and tested to check the reproducibility.

2.3. UV-vis irradiation

The UV-vis irradiation was performed using the merry-go-round
type set up, equipped with a medium pressure 250 W mercury
arc with luminophore envelope (RVL, Tesla Holesovice, Czech
Republic) as source of irradiation. The temperature of photo-
oxidation was 35-40 °C. The course of photooxidation was fol-
lowed by GPC measurements monitoring the decrease of
average molecular weights.

2.4. Mineralization test under laboratory controlled
conditions

Mineralization test was carried out according to standards STN
17556-2012 and ASTM D5988-12 (ref. 34 and 35) in soil under

Buried |
foil

Sun-
exposed

Fig. 1 Outdoor weathering test of PLA/PHB mulching foils in experi-
mental flower pot.
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aerobic conditions in the reactor schematically showed in Fig. 2.
Carbon content in tested PLA/PHB foil determined by elemental
analysis was 52.15%. Polymer foil was buried in mixed Perlit
and soil equivalent amount (totally 200 g) in 500 mL Erlenmayer
flask. Flask was closed by perforated glass tube fulfilled with
20 mL of KOH 0.5 M solution and equipped by rubber stopcock.
CO, produced by mineralization was absorbed in the KOH
solution. Samples of the trap solution were opened periodically
at least every 10 days for 1 hour to tend free respiration of
microorganisms in the soil and to establish the amount of
absorbed CO,. 1 mL of KOH solution from the trap was titrated
with 0.05 M HCI with phenolphthalein as indicator. For new
period the new 20 mL of KOH was added to the trap. All samples
were processed by triplicate. Flasks with only Perlit and soil
were used as control and empty flasks were used as blank,
respectively, to measure production of the CO, by the micro-
organisms itself and to measure CO, present in the air,
respectively.

2.5. Hydrolysis with water vapor

Hydrolysis was carried out using sample with dimension 4 x
4 cm placed approximately 1 cm over the water level in sealed
250 mL vessels containing 120 mL of water. The vessels were
placed in an oven and kept at 60 °C for various times.

2.6. Analyses

The tensile properties were measured using a Dynamometer
Instron 4301 on strip shape specimens cut directly from foils at
room temperature. Five specimens of 15 mm width were tested
for each foil sample according to STN EN ISO 527-3.*¢ The
mechanical tests were performed at cell load of 5 kN while up to
0.5% deformation the speed of 1 mm min " was used and above
0.5% deformation the speed changed to 50 mm min~". Grip-
ping distance of 50 mm and initial length of 100 mm was used
at room temperature in respect to STN EN ISO 527-3. Tensile
tests were measured always in the blow molding direction that
were more regular compared to transverse direction. Average

Silicon
/ stopper
Holes for /
the CO,
absorption KOH
solution
o O
L
/ \
Polymer -
sample for Soil .+
biodegradation Perlit

Fig. 2 Respirometric reactor used for polymers mineralization tests.
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values of Young's modulus E, elongation at break ¢z and tensile
strength oy were calculated from stress-strain plots.

The Dynamic Mechanical Thermal Analysis (DMTA) was
performed using the Dynamic Mechanical Analyser DMA Q800
in the temperature range of —20 °C to 160 °C and with heating
rate of 3 °C min ™. A stress in tensile mode was applied to the
sample at 1 Hz with deformation amplitude of 40 um. The
samples were cut out in the blow molding direction with spec-
imen dimension of 30 mm (length) x 5 mm (width) x 0.08
(thickness). The storage modulus (E'), loss modulus (E”), and
loss tangent (tan 6 = E'/E") were determined for at least three
specimens of each sample.

Differential scanning calorimetry (DSC) was performed in
a Mettler-Toledo DSC 821°¢ differential scanning calorimeter
under nitrogen atmosphere. The calibration of temperature and
heat of fusion was performed using indium. The DSC
measurements were performed in the range of 0-200 °C at
a heating rate of 10 °C min~". For each type of foil three spec-
imens from different positions of the foil were measured. This
process represents first heating cycle, which reflects the actual
state (change in crystalline fraction) of samples after outdoor
weathering, hydrolysis with water vapor and UV-vis irradiation.

GPC system consisted of P102 pump from Watrex (Czech
Republic) and evaporative light scattering detectors (ELSD)
model 1000 from PL-Agilent Technologies, UK-USA. Tempera-
ture of evaporators was set at 80 °C and gas flow rate was
1.5 mL min~*. GPC column was TSKgel GMH gz - M, 300 x
7.5 mm from Tosoh Corporations. The GPC measurements were
performed at ambient temperature with flow rate 1 mL min .
Chloroform CHROMASOLV®, HPLC grade, with purity =
99.8%, amylene stabilized from Sigma-Aldrich was used as GPC
eluent. Calibration was based on polystyrene standards. Data
were collected and processed with Clarity software from Data-
Apex (Czech Republic).

The morphology of the foils was analyzed by Jeol JSM 7600F
Schotky field emission scanning electron microscope (Jeol Ltd.
Tokyo, Japan) at accelerated voltage 2 kV and working distance
15 mm. The samples were broken in liquid nitrogen and sput-
tered with a thin layer of gold before analysis.

3. Results and discussion

Conflicting results by different researchers concerning the
mechanism of PLA degradation have been found in literature.
Some studies have argued that PLA is degraded entirely by
abiotic processes, whereas others have claimed that microor-
ganisms or enzymes play a vital role in PLA degradation.””
Generally, the abiotic hydrolysis of PLA proceeds first until the
molecular weight of PLA decrease sufficiently to be assimilated
by microorganisms. For potential application of biodegradable
materials such as PLA/PHB blends as a mulching foils we
studied the effect of various factors, such as UV-light, water
vapor, microorganisms, presence of carbon filler and/or their
combination, on degradation of PLA/PHB foils. Thus following
experiments were done for PLA/PHB blend and PLA/PHB/
carbon black composite: (1) UV-vis irradiation with mercury
lamp, (2) hydrolysis with water vapor, (3) outdoor weathering of

This journal is © The Royal Society of Chemistry 2017
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the foil, while the foil was either buried in the soil or laid on the
soil (exposed to the sunlight) (see Fig. 1), and (4) microbial
degradation at 20 °C under laboratory controlled conditions.
From the point of view of applicability of these materials as
mulching foils, the studies were done in order to obtain infor-
mation whether the mulching foils are able to retain sufficiently
their mechanical properties during one season with subsequent
removing of the foil for composting. Other borderline case can
be that an extensive degradation will be obtained with possi-
bility of subsequent plowing the residues in the soil, where the
microbial and hydrolytic degradation would be followed
through.

3.1. GPC analysis

Fig. 3 compares the changes in molar mass (M,,) of PLA/PHB
blend and its 1 wt% carbon black composite before and after
various times of UV-vis irradiation, weathering in soil and
hydrolysis in water vapors at 60 °C. Presence of carbon black
affected the UV-stability and the decrease in molar mass after
125 days of UV-vis irradiation was lower for carbon black filled
PLA/PHB composite compared to unfilled PLA/PHB blend. The
decrease in molar mass was accompanied with broadening of
molar mass dispersity from about 1.7 for original PLA/PHB
blend to 1.9 for PLA/PHB blend UV-vis irradiated for 125 days
(data not shown).

Only slight decrease in molar mass was observed for
samples, either unfilled or filled with carbon black, buried in
the soil. This could indicate that under outdoor weathering
conditions the effect of microorganism and water on changes of
molar mass is minimal compared to effect of UV-vis radiation.
Interestingly in the case of sun exposed samples, regardless on
presence or absence of carbon black filler, the decrease in molar
mass was similar as in the case of samples buried in the soil.
Thus the molar masses of unfilled and carbon black filled PLA/
PHB after 120 days of sun exposure were 207 and 192 kg mol *,
respectively. As can be seen, there was a lower decrease in molar
mass for unfilled PLA/PHB exposed outdoor to the sunlight

250 —
250 8 g g N 6
SRE: 2K O T
200 - Y § v L
=175+ ] e
° L
g 150 * 8
) 125 § O UV-vis irradiated sample
i ® 1% CB, UV-vis irradiated sample
z 100 - A buried in the soil
s 75} Vv 1% CB, buried in the soil
3 * ¢ hydrolysis over vapor
50 * 1% CB, hydrolysis over vapor
2] ° %
ol 3
T T T T T T T T 1
0 20 40 60 80 100 120 140 160

Ageing time (days)

Fig. 3 Changes in molar mass of unfilled PLA/PHB blend foil and foil
filled with 1 wt% carbon black (CB) after various times of UV-vis irra-
diation, weathering in soil or hydrolysis in water vapors at 60 °C.
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compared to that one exposed in laboratory to UV-vis irradiation
(150 kg mol " after 125 days of irradiation). The reason could be
higher average temperature during UV-vis irradiation (perma-
nently in the range of 35-40 °C) than the average outdoor
temperature (in the range of 15-40 °C - cooling down also by
regular watering).

A significant decrease of molar mass was observed during
hydrolysis laboratory test performed with water vapors at 60 °C.
It is worth to mention that the steep decrease in molecular
weight occurs from very beginning, so that after 5 days the
decrease is represented by about 30% reduction what is suffi-
cient to influence significantly a number of physical properties
of the blend. Already after 32 days, the decrease of molar mass
was found to be down to about 10 kg mol™" due to chains
scissions and apparently no difference was found between
hydrolysis rate for blends with or without carbon blacks addi-
tion. These results show that at temperature common in
compost the materials undergo degradation in a relatively short
time even in the absence of bacteria. At 60 °C, i.e. at temperature
over T, of PLA, the hydrolysis of PLA seems to proceed via bulk
erosion mechanism giving significant changes in GPC traces.
Unlike that at room temperature the hydrolysis of the PLA
seems to proceed preferably from the surface (surface erosion)
providing water soluble oligomers and low molecular weight
compounds from hydrolyzed PLA* in addition to PLA chains
with almost unchanged molar mass, similarly as it was recently
observed for PCL.* In this case only the later is detected in GPC
traces and the low molecular weight compounds can stay within
the soil.

3.2. DSC measurements

DSC analysis was used to follow changes caused by cold crys-
tallization characterized by temperature (7..) and enthalpy
(AH..), and melting process represented by melting tempera-
ture (T,) and enthalphy (AH,,). As described previously,* T..
and T,, of neat PLA are at 60.3 °C and 150 °C, respectively.
Likewise, the neat PHB shows T.. and T,, at 90 °C and 180 °C,
respectively. The PLA/PHB blend containing plasticizer exhibi-
ted only one T, at 41.7 °C indicating good miscibility in the
system.*’ In addition, two melting peaks at 149 and 169 °C for
PLA and PHB crystals, respectively, were observed during the
first heating cycle (Fig. 4a, Table 1).

DSC traces of the blends and composites, recorded after
ageing under various conditions are shown in Fig. 4 and
Tables 1 and 2. Ageing under both UV-vis irradiation and
outdoor weathering led to a decrease in the extent of cold
crystallization characterized by AH.. Try1 and AHy,; from PLA
mostly did not change with ageing. Similarly the ageing only
minimally affected the AH,,, of PHB. It can be however also
seen that during UV-vis irradiation of unfilled PLA/PHB blends
foils Ty, was split in a double peak and Ty,; at approximately
179 °C was formed. The presence of double melting peak could
correspond to the melting of formed and recrystallized PHB
crystallites. According to Ikehara et al** the crystallization
behaviour of miscible crystalline/crystalline blends depends
on the difference in the melting point of both components.

RSC Aadv., 2017, 7, 47132-47142 | 47135
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Fig. 4 DSC of unfilled PLA/PHB blend (solid line) and 1 wt% carbon black composite (dashed line) foils after various times of their (a) UV-vis
irradiation and (b) outdoor weathering (burial in soil or exposure to sunlight).

Table 1 DSC analysis of PLA/PHB and PLA/PHB/carbon black (CB) foils before and after various times of UV-vis irradiation

CODE Time (hours) ch (OC) AHcc U gil) Tml (OC) AHml (J gil) TmZ (OC) AI'Imz U gi]) Tm3 (OC) AHmS U g71)

PLA/PHB 0 70.3 10.5 148.9 24.3 168.5 11.8 — —
800 80.9 1.8 149.7 21.4 164.5 10.3 178.9 1.8
1250 82.3 2.2 150.5 24.7 169.1 12.2 — —
2000 91.8 0.7 150.8 24.2 169.5 12.0 — —
3000 95.7 0.5 151.5 23.6 170.5 11.8 — —

PLA/PHB/CB 0 67.5 7.6 147.6 22.6 167.5 10.8 — —
800 80.8 0.4 149.8 22.7 169.4 10.8 — —
1250 83.9 0.4 150.1 22.9 169.9 11.0 — —
2000 86.8 0.1 150.0 23.1 169.8 10.9 — —
3000 90.3 0.2 151.8 25.5 170.8 12.2 — —

When the difference of melting temperatures is large enough,
the higher T, component crystallizes first and its spherulites
usually fill the whole volume. The component with lower Ty,
crystallizes at lower temperature in space limited region inside
the existing spherulites. This agree with previous study by
Arrieta et al.,*> who stated that the PHB can act as nucleating
agent for PLA resulting in an improvement of oxygen barrier
properties. The occurrence of additional melting peaks could
be also related to unstable lamellar layers that are present
generally on the surface of crystals as a results of chain

scission. According to Janigova et al.** an increase in crystal-
linity during UV-vis irradiation was due to higher chain
mobility and better packing of segments. It should be however
noted that the formation of T,,; was observed also in the PLA/
PHB blend stored for 1 year in the dark at RT. Thus, it is
a result of physical ageing rather than of changes caused by
irradiation. Interestingly, prolonged irradiation for more than
52 days (1250 hours), accompanied with decrease of molar
mass due to chain cleavage, led to disappearing of the splitted
PHB melting temperature.

Table 2 DSC analysis of PLA/PHB and PLA/PHB/carbon black (CB) foils before and after various times of outdoor weathering (burial in soil or

exposure to the sunlight) or exposure to water vapor at 60 °C

CODE Time (days) Te ('C) AHee (") T ((C) AHmi (8" Tz (C) AHma (8 T (°C) A (5")
PLA/PHB 0 70.3 10.5 148.9 24.3 168.5 11.8 —_ —_
PLA/PHB buried in soil 30 71.6 3.3 148.8 23.5 167.2 9.0 179.0 0.9
60 80.2 3.1 148.8 21.8 167.3 9.4 179.6 1.4
90 79.5 2.9 150.2 22.9 167.4 10.0 179.6 1.4
375 78.5 6.7 150.9 25.1 167.0 11.7 — —
PLA/PBH exposed to Sunlight 30 70.5 2.7 149.6 23.4 167.2 10.6 179.5 1.1
60 71.2 3.3 150.0 21.7 167.0 9.2 179.6 1.5
90 82.7 5.6 159.5 24.5 166.3 8.8 179.2 1.7
PLA/PBH in vapor 30 68.2 0.6 150.9 31.2 167.7 12.1 — —
PLA/PLA/CB 0 67.5 7.6 147.6 22.6 167.5 10.8 — —
PLA/PHB/CB buried in soil 30 86.0 5.4 150.6 22.6 170.1 11.3 —_ —_
90 90.6 3.0 150.5 22.8 169.8 11.2 — —
PLA/PBH exposed to Sunlight 30 68.5 3.2 149.9 22.2 169.7 10.9 —_ —_
90 69.8 3.0 150.1 22.9 169.6 11.6 — —
PLA/PBH/CB in vapor 30 70.6 0.9 151.0 31.5 167.4 11.3 —_ —_
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Similar splitting of Ty, and formation of T;,; was observed
also during outdoor weathering of the unfilled PLA/PHB foils
regardless whether they were exposed to the sunlight or buried
in the soil. This observation further confirms that the splitting
is probably a result of physical ageing processes. In these cases
the splitting did not disappeared until 90 days of ageing, but
after prolonged ageing in the soil for 1 year the formation only
one Tp,, was again observed. In the case of PLA/PHB composites
filled with 1 wt% carbon black the splitting of Ty,, or formation
of T3 was not recorded. The reason can be that carbon black
serves as a nucleation agent preventing supplemental crystalli-
zation during physical ageing.

3.3. Dynamic mechanical thermal analysis

DMTA is a sensitive characterization test in which the response of
a material to a periodic stimulus is recorded. The total response
includes the contributions of the molar mass, as well as the
phase or molecular structure within polymeric material such as
branching, crosslinking and crystallinity. The behavior of storage
modulus and loss factor (tan 6) for both unfilled PLA/PHB blend
and composites with 1 wt% of carbon black after different times
of various types of ageing are shown in Fig. 5 and 6.
Incorporation of carbon black into PLA/PHB had originally
only marginal effect on E' and T,. It is known that during
storage, ageing of PHB is accompanied by an increase in the
brittleness within a few months after the thermal processing.*
Some extent of physical ageing manifested itself by a slight
shifting of the glass transition and drop in the tan ¢ maximal
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intensity was observed also in the case of the PLA/PHB blend
and its composite (Fig. 5¢ and d).

Unlike the samples stored in the dark at RT, a progressive
increase in E' was observed with time of either exposition to
sunlight or UV-vis irradiation, regardless if PLA/PHB blend or
composite was used (Fig. 5a and b). Both, UV-vis irradiation and
sunlight exposure were accompanied by the elevated tempera-
ture, which may cause the enhanced mobility of amorphous
phase resulting in increased rate of physical ageing. This effect
is connected with the crystallinity increase since, although the
crystallinity needs not to change substantially, it occurs to
significant extent in tie molecules resulting in a reduction of the
mobility of the chain segments* and thus leads to the increase
of the storage modulus and embrittlement of the material. In
general, the polymer crystallization is manifested by shifting
the glass transition to higher temperature as a result of the
constraints imposed on the amorphous chains by the crystals
(Fig. 5¢ and d).** For PLA/PHB blend and its composite the
shifting and broadening of the glass transition region could be
clearly observed in the dynamic mechanical spectra.

Different situation was observed for samples buried in the
soil. In the case of neat PLA/PHB blend the increasing time of
burial caused pronounced drop in E' in glassy state (Fig. 6a). At
the same time the glass transition temperature (7,) shifted to
higher values with increasing time of burial (Fig. 6c). The
increase of height of the dynamic loss peak with time of burial
corresponded to the enhanced mobility of amorphous phase.
This behavior may be related to certain decrease in the molar
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Fig. 5 Evolution of storage moduli (a, b) and dumping factors (tan é) (c, d) with temperature for unfilled PLA/PHB blend (a, c) and PLA/PHB
composite with 1 wt% of carbon black (b, d) after storage 4 months in dark at RT, after 60 and 120 days of exposure to sunlight or after 3000 h of
UV-vis irradiation. Full lines correspond to reference material before storage/treatment.
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with 1 wt% of carbon black (b, d) before and after 30, 60, 90 and 120 days of burial in the soil.

mass. Although the decrease is small, it may play a significant
role in the mechanical properties due to preferential scission of
longer chains and especially those which are under mechanical
stress created during cooling and crystallization of the material
after melt processing.*

The properties however changed differently for composite
foils. The decrease in E' with time of burial for PLA/PHB/carbon
black foils was less significant compared to unfilled PLA/PHB
foils (Fig. 6b). A decrease in E', observed for unfilled PLA/PHB
blends, can be in composites probably compensated by nucle-
ation effect of the filler. Similarly to unfilled PLA/PHB blend,
also in the case of composite, the most significant shift of glass
transition temperature was observed after 120 days of burial
(Fig. 6d). In this case however the peak height was lower con-
firming enhanced brittleness of the material and the lower
mobility of the polymer chains probably due to presence of filler
serving as a nucleating agent.

3.4. Testing of mechanical properties

It is well known that ageing upon storage results in an increase
in Young's modulus accompanied by a decrease in elongation at
break, which translates into a pronounced increase in brittle-
ness of the material.** Generally, the most significant changes
of mechanical properties proceed during the first fourteen days
after thermal processing. After this time the process of ageing is
much less pronounced.”” This time dependence influences
mainly elongation at break (eg), Young's modulus (E) and
toughness (I'), which relate to the cold crystallization and
physical ageing.*®* The results of mechanical properties

47138 | RSC Adv., 2017, 7, 47132-47142

represented by E, ez and tensile strength (o) before and after
120 days of storage in dark at room temperature are summa-
rized in Table 3.

As expected the presence of carbon black resulted in an
increase of oy, but surprisingly also ez, compared to unfilled
PLA/PHB blend. This increase of ¢ after addition of carbon
black could be explained by nucleation effect of the carbon
black,* which manifests itself in a small but significant drop in
T, indicating thinner lamellae. It is well known that finer
structure of crystallites leads to more ductile material even if the
overall amount of crystalline portion is the same (larger crys-
tallites are stiffer).”® Generally the changes in ez and oy
observed either for unfilled PLA/PHB blend or its composite
with 1 wt% of carbon black after 120 hours of storage in the
dark were not significant.

The changes in mechanical properties, oy and eg, for
unfilled PLA/PHB blend and its composite with 1 wt% of carbon

Table 3 Mechanical properties of unfilled PLA/PHB blend and its
composite with 1 wt% carbon black before and after 4 months of
storage (E — Young's modulus, eg — elongation at break, om — tensile
strength)

Sample E (MPa) g (%) om (MPa)
PLA/PHB 768 + 27 122 + 18 19 £+ 0.8
PLA/PHB-120 975 + 68 110 + 17 17.9 + 1.8
PLA/PHB/CB 632 £ 45 233 £+ 26 211+ 1.6
PLA/PHB/CB-120" 888 + 134 178 £ 43 21.7 £ 3.4

@ After 120 days of storage in dark at room temperature.

This journal is © The Royal Society of Chemistry 2017
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black after various times of outdoor weathering, i.e. burial in the
soil or exposure to the sunlight, are shown in Fig. 7. In the case
of unfilled PLA/PHB blend oy, increased already after 30 days
from 19 up to about 24 MPa and then almost leveled off up to
120 days of ageing regardless whether the sample was buried in
the soil or exposed to sunlight (Fig. 7a). The presence of carbon
black in PLA/PHB foil led to increase in oy, after 30 days from 21
up to about 28 MPa and then stayed almost constant up to 120
days, when the sample was exposed to sunlight (Fig. 7b).
However, in the case of sample buried in the soil, slower and
progressive increase in oy was observed reaching the value of
28 MPa after 90 days, while prolonged ageing for 120 days led to
decrease of oy down to about 17 MPa.

Significant difference between samples buried in the soil
and exposed to sunlight were observed during ageing when
changes in ¢z were followed. In the case of unfilled PLA/PHB
foils the decrease in eg with ageing time was observed. The ¢p
fell down faster for the samples buried in the soil, reaching the
ep values approximately of 5% after 60 days of ageing (Fig. 7c).
For samples exposed to sunlight e decreased slower and after
60 days of ageing it stabilized at value approximately of 30%.
Interestingly, for the PLA/PHB foils filled with carbon black, an
increase in ¢z was observed after 30 days of ageing regardless
whether the sample was buried in the soil or exposed to the
sunlight (Fig. 7d). While prolonged ageing provided significant
decrease in eg for samples buried in the soil, in the case of
samples exposed to the sunlight the ep stayed almost constant
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after 60 days and then slowly and progressively decreased
reaching ¢z approximately of 200%, what is value similar to that
one for original sample before ageing. Similar results as for
samples exposed to the sunlight were obtained also for samples
exposed to UV-vis irradiation (Fig. 8) confirming positive effect
of carbon black on photochemical ageing of PLA/PHB foils.

The significant difference in the mechanical properties
changes between unfilled and carbon black filled PLA/PHB foils
after ageing, including the retention of higher elongation at
break observed for the foils containing carbon black, can be
caused by various factors, such as (a) the nucleation effect of
carbon black leading to thinner crystallites formation during
both the preparation and ageing of the samples, (b) the
protection effect of the carbon black against the irradiation, and
(c) slowing down the plasticizer diffusion out of the foil by
possible barrier effect of the carbon black and crystallites
formed in its vicinity. Probably the final effect is caused by
combination of the factors mentioned while possible contri-
bution of other effects cannot be excluded.

3.5. Mineralization of PLA/PHB foils

It is well known that the PLA readily degrade under conditions
of compost within the range of 40 to 60 days depending on My,
where the temperature of above 50-60 °C (above T,) allows
higher mobility of polymer chains and creates a good condi-
tions for enzymatic degradation by microorganisms.>>*%%
However the (bio)degradation of PLA at room temperature is
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Fig.7 Changes intensile strength (a, b) and elongation at break (c, d) for foils prepared from unfilled PLA/PHB blend (a, ¢) and its composites with
1 wt% of carbon black (b, d) before and after various times of outdoor weathering. The samples were either buried in the soil or exposed to the

sunlight.
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very slow.>® As mentioned in the first discussion, one borderline
case in application of the tested PLA/PHB-based foils can be
that some extent of degradation during its application will allow
plowing the residues in the soil, where the microbial and
hydrolytic degradation would be followed through. Therefore,
here we decided to investigate also the effect of pre-ageing of
PLA/PHB and PLA/PHB/carbon black foils under various
weathering conditions on possible degradation of the foil resi-
dues in the soil at 20 °C. In this context, initial pre-degradation
by UV-vis irradiation, exposition to the sunlight or outdoor
burial in the soil can affect velocity of subsequent mineraliza-
tion. In mineralization tests the hydrolytic degradation of the
PLA/PHB foils could not be excluded, but evolved CO,,
measured in these experiments, can be produced exclusively by
microorganisms, which use this polymer for feeding. According
to the Fig. 9, all polymer samples evolved higher amount of CO,
than the control sample containing only soil without polymer
foil. This could indicate increased microbial activity in the
presence of the polymer samples. However, this difference was
small suggesting that the mineralization was slow for all
investigated polymers.
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Fig. 9 The amount of evolved CO, during mineralization of unfilled
PLA/PHB and PLA/PHB/carbon black foils — as prepared or pre-aged
under various conditions, i.e. buried 90 days in soil, exposed for 90
days to sunlight or exposed 2000 hours to UV-vis irradiation. Blank
sample stays for empty flask filled only with air; control sample stays
for flask containing only soil. The mineralization was performed at
20 °C.
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The mineralization seemed to be slightly faster for UV-
irradiated and the sunlight exposed white samples, but gener-
ally for most of the samples the difference could be considered to
be within the experimental error. This observation was further
confirmed by determination of change in weight of the samples
after their withdrawal. All the PLA/PHB and PLA/PHB/carbon
black samples lost only approx. 8-12% of its original weight
after 1 year of mineralization. It should be noticed that a cellulose
sample, commonly used as a standard in mineralization tests,
lost after 1 year of its mineralization approx. 50% of its original
weight. Thus it can be concluded that the weathering of the PLA/
PHB and PLA/PHB/carbon black foils has negligible effect on
their subsequent mineralization at ambient temperature.

The photos of both PLA/PHB and PLA/PHB/CB foils after
preparation as well as foils after mineralization are shown in
Fig. S1.f As it can be seen from the photos the originally
transparent PLA/PHB foils became cloudy after mineralization.
The PLA/PHB/CB foils contain cracks after mineralization. All
the films looked the same after mineralization regardless
whether they were pre-aged (90 days by storage in the soil or by
exposure to the sunlight) or not.

Scanning electron microscopy was used to compare potential
changes in bulk of foils. For that purpose the foils were frac-
tured in liquid nitrogen. It is worth to mention that in the case
of all not mineralized samples, it was quite difficult to break the
samples because they were elastic even after their immersion to
the liquid nitrogen. Contrary that all samples after mineraliza-
tion were easily fractured shortly after immersion to the liquid
nitrogen except the PLA/PHB sample pre-aged for 90 days
by light exposure, which still partially retained elastic
properties. As seen in Fig. S2,f there were not significant
changes in SEM images of fracture of analyzed PLA/PHB foils
either before or after mineralization. Contrary to that, slight
changes were observed for PLA/PHB/CB foils (see Fig. S31). The
fracture surface of PLA/PHB/CB foils pre-aged by exposure to
sunlight, either before or after subsequent mineralization, was
smoother than that for not pre-aged foils. No porosity due to
potential bio- and/or hydrolytic degradation of foils was
observed even after mineralization. That is consistent with
minor weight changes determined after mineralization tests.

The samples after mineralization were also characterized by
"H NMR spectroscopy in order to check the changes in PLA/PHB

This journal is © The Royal Society of Chemistry 2017
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composition (the original composition is protected by
PANARA s.r.0. and therefore can not be mentioned here). It was
found that mineralization without previous treatment provided
only minimal changes in PLA/PHB ratio providing up to 20%
increase of the PLA/PHB ratio. Contrary that when the samples
were exposed to sunlight and subsequently mineralized, the
increase in PLA/PHB ratio was about 130%, indicating that
sunlight exposure promoted preferential degradation of PHB.
This is in good agreement with UV-vis degradation of PHB
observed and described elsewhere.***%

4. Conclusion

PLA/PHB and PLA/PHB/carbon black (1 wt%) foils were prepared
and their ageing under various conditions were tested in order to
investigate their potential applicability as mulching foils in
agriculture. For outdoor weathering, simulating the real appli-
cation, the samples were either buried in the soil or put on the
top of soil and exposed to sunlight. In addition UV-vis irradiation,
hydrolytic degradation by exposure to water vapor and mineral-
ization tests were performed under laboratory conditions. GPC
spectra showed that while fast and progressive decrease of molar
mass was observed under exposure to water vapor at 60 °C, in the
case of samples buried in the soil almost no decrease of molar
mass was detected after 4 months indicating either slow degra-
dation or preferable hydrolysis through surface erosion mecha-
nism. In addition, higher extent of degradation was observed for
PLA/PHB foil than PLA/PHB/carbon black foil under UV-vis irra-
diation. DSC studies showed formation of additional crystals
with higher melting temperatures than the melting temperatures
of PLA and PHB in PLA/PHB foils during ageing. Such additional
crystals were not observed in PLA/PHB/carbon black foils, where
carbon black serves as nucleation agent preventing supplemental
crystalization. Both DMTA and tensile tests confirmed that the
presence of carbon black in the foil improved significantly the
retention of the mechanical properties during ageing. Minerali-
zation tests performed at 20 °C showed that the pre-ageing of the
foils had minimal effect on their subsequent enzymatic degra-
dation in the soil. "H NMR studies showed slight preferential
degradation of PHB, which was more pronounced if the samples
were sunlight exposed before mineralization, even though the
mass decrease after 1 year of mineralization at 20 °C was only in
the range of 8-12% for all samples. It can be generally concluded,
that the PLA/PHB foil, preferable that containing 1 wt% of carbon
black, seems to be a suitable ecological material applicable as
mulching foils possessing good retention of properties during
one season of application with possibility of subsequent removal
from the field for composting.
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