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Introduction

Risk for the release of an enormous amount of
nanoplastics and microplastics from partially
biodegradable polymer blends+

Xin-Feng Wei, 2 **° Mikael S. Hedenqyist,® Luyao Zhao,® Andreas Barth (2° and
Haiyan Yin*<

Nanoplastics and microplastics (NMPs) in natural environments are an emerging global concern and
understanding their formation processes from macro-plastic items during degradation/weathering is criti-
cal for predicting their quantities and impacts in different ecological systems. Here, we show the risk of
enormous emissions of NMPs from polymer blends, a source that has not been specifically studied, by
taking immiscible (most common case) partially biodegradable polymer blends as an example. The blends
have the common “sea-island” morphology, where the minor non-biodegradable polymer phase (poly-
ethylene and polypropylene) is dispersed as NMP particles in the major continuous biodegradable matrix
(poly(e-caprolactone)). The dispersed NMP particles with spherical and rod-like shapes are gradually liber-
ated and released to the surrounding aquatic environment during the biodegradation of the matrix
polymer. Strikingly, the number of released NMPs from the blend is very high. The blend film surface
erosion process, induced by enzymatic hydrolysis of the matrix, involving fragmentation, hole formation,
and hole wall detachment, was systematically investigated to reveal the NMP release process. Our findings
present direct evidence and detailed insights into the high risk of emissions of NMPs from partially bio-
degradable immiscible polymer blends with a widespread “sea-island” morphology. Efforts from auth-
orities, developers, manufacturers, and the public are needed to avoid the use of non-biodegradable
polymers in blends with biodegradable polymers.

(NMPs) accumulated in nature is enormous. For instance,
14 million tons of MPs are estimated to reside on the ocean

Nanoplastics (NPs) and microplastics (MPs), defined as plastic
particles with a size <1 um (ref. 1) and of 1 pm-5 mm,” respect-
ively, have become an emerging global concern because of
their persistence, widespread presence in freshwater and sea-
water, sediments, biota, soils, and ambient air, and because of
their potential adverse effects on biota and ecosystems.®”
They originate from primary sources such as personal care pro-
ducts and industrial cleaners containing nano/micro-beads, as
well as from secondary sources, i.e. from the fragmentation of
plastic items and wastes upon weathering/environmental
degradation.”® " The number of nano/micro-plastic particles
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floor,"* and 24.4 trillion pieces (82 000-578 000 tons) of MPs
exist in regions closer to the surface in the world’s oceans."
Many countries, such as the USA, China, and Sweden, have
banned microbead-added products to reduce the primary MP
emissions.""> However, the emissions of secondary NMPs,
the main origin of the MPs in marine environments,® continue
to grow rapidly because of continuously growing plastic pro-
duction and largely uncontrolled waste."®'” Besides, more
than 5000 million tons of plastic waste are accumulated either
in landfills or natural environments (mostly in the oceans)®
and they are continuously emitting numerous NMPs because
of mechanical stress, heat, UV radiation, and biological
degradation.”'®'® In addition, an increasing number of
studies show that the highly degraded secondary NMPs
contain a greater content of hazardous substances than pris-
tine NMPs due to the presence of degradation products such
as monomers, oligomers and oxidative products.**??
Therefore, it is particularly crucial to understand the
degradation-induced formation process of NMPs in various
environmental conditions for better prediction of NMP

This journal is © The Royal Society of Chemistry 2022
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emissions.'®**?® Most studies focus on pure plastics,>*>” and
overlook an important source for NMPs: the degradation of
polymer blends.

Polymer blends, mixes of at least two polymers, account for
more than 20% of the total engineering polymer consumption,
and the global market is expected to exceed 50 million tons
per year.>® Polymers are generally immiscible and their blends
form generally a sea-island morphology, i.e., a minor phase
dispersed as droplets in a major continuous phase.’**' The
dispersed phase shows shapes of spheres, cylinders, ribbons,
and ellipsoids with sizes ranging from hundreds of nano-
meters to tens of micrometers, depending on blend ratio,
interfacial adhesion, and processing conditions.>* We have
pointed out that these dispersed particles in polymer blends
should be regarded as NMPs, which could be liberated and
released into the environment during degradation.*” However,
the release of the dispersed NMP particles in a polymer blend
has not been investigated despite the great potential threat of
NMP emissions.

Concerns over sustainability and plastic pollution from tra-
ditional polymers have driven the rapid development of bio-
degradable polymers.'"**73” In contrast to traditional plastics,
biodegradable plastics can break down into low molecular
weight compounds such as water, methane, and carbon
dioxide by bacteria, fungi, and algae. They are often blended
with other polymers, including non-biodegradable polymers,
to tailor their processability and mechanical properties for par-
ticular applications.®®*?° For instance, non-biodegradable
rubbery polymers such as ethylene-co-vinyl acetate,*® thermo-
plastic polyurethane,** and olefin block copolymers*? are often
added into polylactic acid (PLA) to improve the toughness or/
and ductility of PLA.*® For a summary of the different types of
existing partially biodegradable polymer blends and their pro-
perties, please refer to ref. 43. In addition, a large amount of
partially biodegradable polymer blends may be inadvertently
produced as a consequence of the recycling of biodegradable
polymers together with conventional non-biodegradable poly-
mers. The reason for this is the difficulty to separate bio-
degradable polymers from non-biodegradable polymers in
wastes. This may result in the release of non-biodegradable
polymer particles from the blend into the environment during
biodegradation.

In this study, we demonstrated the enormous emission of
NMPs from polymer blends and elucidated the corresponding
release process for the first time. In particular, two immiscible
polymer blends of poly(e-caprolactone) (PCL, a commonly
used biodegradable polymer) and polyethylene (PE) or poly-
propylene (PP) (these two are by far the most commonly used
polymers) were selected as the model blend, and its enzymatic
hydrolysis in an aquatic environment was modeled by a
microbial hydrolytic enzyme (Amano Lipase PS). Enzymatic
hydrolysis was studied because it is the dominant process of
biodegradation of biodegradable polyesters into small mole-
cules, catalyzed by esterase released from surrounding micro-
organisms. The prepared blends were aged in phosphate
buffered saline solution containing lipase at 40 °C for up to 6
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days. The mass loss and thickness reduction of the blend
films were examined to reveal the hydrolysis rate. The NMPs
released from the blend films during the hydrolysis were deter-
mined, and the film surface morphological changes during
the degradation, were carefully evaluated to reveal the NMP
release process.

Results and discussion
Morphology of the blend

The prepared immiscible PCL/PE 90/10 blend had a typical
sea-island morphology with the minor PE phase dispersed in
the major continuous PCL matrix (Fig. 1a). The PE phase
existed primarily in the form of spherical/elliptical particles,
except in the surface region up to a depth of ca. 80 pm (16% of
film thickness), where oblate spheroidal/rod-shaped particles
dominated (Fig. 1b). Orientated structures such as rods and
fibrils are often observed for the dispersed domains in immis-
cible polymer blends due to the existence of extension and
shear forces during the conventional processing processes
such as extrusion and injection molding.**™*® Here, when the
melted polymer blend was pressed to fill the entire mold
during the compression process, the melt experienced the
greatest shear force in the region close to the mold surface,
leading to the formation of rod-shape particles and their orien-
tation parallel to the surface in the surface region of the
samples. The diameter of the spherical PE particles was
0.1-10 pm and the rod-shaped particles were much larger,
>10 pm long and ca. 3 pm wide (Fig. 1a and d). The particles
analyzed had an average size of ca. 2.8 pm and an average
volume of 35.3 pm®>. The particles were regarded as cylinders
when their length was greater than 2 times their width, other-
wise, they were treated as spheres to simplify the calculation of
particle volume.

Nanoplastic and microplastic emission

The blend film started to fragmentate after ca. 4 days of ageing
and it broke into many small pieces after 6 days of enzymatic
hydrolysis ageing (Fig. 2a) in an aquatic environment in the
presence of a microbial hydrolytic enzyme (Amano Lipase PS).
The weight of the blend film decreased significantly to 32.6%,
4.8%, and 1.6% of its original weight after 2, 4, and 6 days of
ageing, respectively, and the thickness decreased correspond-
ingly (Fig. 2d). This was due to a very rapid enzymatic hydro-
lysis of the PCL matrix under the actual temperature and pH
conditions with Amano Lipase PS as the enzyme. Despite the
large reduction in thickness and weight, the overall shape of
the sample remained unchanged until the start of the frag-
mentation (Fig. 2a). This is because the erosion takes place at
the surface as enzymes are not able to diffuse into polymers
and can only catalyze hydrolysis from the surface.?” The hydro-
lysis-induced surface erosion also changed the surface mor-
phology and roughness of the film during the ageing (Fig. 2a).
The buffer solution became turbid in all aged samples due
to the suspension of many small particles (Fig. 2b), indicating
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Fig. 1 (a—c) Scanning Electron Microscope (SEM) images of the cryo-fractured cross-section of the PCL/PE 90/10 blend film and (d) the size distri-
bution of the dispersed PE particles in (a). The arrows in (b) and (c) highlight particles with a size smaller than 1 um. The total number of particles
accounted for in (d) was ca. 1800. Note that only the size of the uncovered/visible part of the particles in the cross-section was measured, the
actual size of the particles could be slightly different, especially for the rod-shaped particles.
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Fig. 2 Images of the samples after different ageing times: blend films (a), buffer solution (b) after shaking by hand and (c) after standing still for one
day; (d) the changes in mass and thickness of the film and (e) changes in the pH of the buffer solution during the ageing. The arrows in c point to
the NMP layer floating on the solution surface.
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the release of MP particles from the blend during ageing.
Noting that the buffered enzyme solution was changed every
second day of ageing to maintain enzyme activity, Fig. 2b and
c represent only the MPs formed during the indicated ageing
periods. The solution after 4-6 days of ageing was less turbid
than that of other aged samples, but it contained many large
film fragments. When letting the solution stand still for one
day, the large film fragments sank to the bottom, while the
small MP particles floated on the liquid surface forming a
white floating layer (Fig. 2¢). This finding indicated that the
released MP particles were essentially from the PE phase of
the blend as PE’s density is lower than that of water, whereas
the PCL’s density is higher. The pH of the buffer solution
decreased from 7.2 to 4.1 after the first two days of ageing, and
it also decreased upon further ageing after each buffer change
(Fig. 2e). The decrease in pH was caused by the release of
acidic monomers and oligomers from PCL during the
hydrolysis.*®

The released particles were clearly observed in an optical
microscope when suspended in the buffer solution (Fig. 3),
and in SEM when collected on a filter membrane (Fig. 4a-e).
Particles with sizes of a couple of hundred nanometers, e.g.,
those in the insert of Fig. 4d and e, were frequently observed
under high magnification in SEM, which indicated a for-
mation of NPs together with MPs. In addition, many nano-
particles were attached to the surface of micron-sized PE par-
ticles in Fig. 4d and e. Both optical microscopy and SEM
images showed that the NMP particles had spherical and rod-
like shapes, the same as the PE particles observed in Fig. 1,
and infrared (IR) bands of PE (CH, absorption at 2913, 2850,
1463, and 720 cm ')*® dominated the IR spectrum of the
formed NMPs (Fig. 4f). Besides, the IR spectra of individual
particles, obtained by using an IR microscope, showed the IR

]
on

Fig. 3 Optical microscopy images of the NMP particles in the buffer solution with 0-2 (a and b), 2—-4 (c and d), and 4-6 (e and f) days of ageing.
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bands of PE but not the characteristic bands of PCL (for
instance the dominating carbonyl peak at 1736 cm™,
Fig. S11). These findings confirmed that the observed micro-
plastics were exactly the non-biodegradable PE particles that
were liberated and released during the hydrolysis of the PCL
matrix. The rod-shaped particles were observed mainly within
the first two days of ageing because they were primarily
located in the surface region, which was the first to be eroded
through enzymatic hydrolysis. Besides, the released PE par-
ticles showed a fibrous surface texture (the inserts in Fig. 4d
and e). This nano-structured surface morphology was also
observed for the PE particles in the unaged blend sample (not
shown here) and was due to protruding PE crystal lamellae in
the interface of PCL and PE.

PE occurred either as individual particles or in particle
aggregates in the solution (Fig. 3). Some of the aggregated par-
ticles were small fragments of the blend film, where the PE
particles were held together by the heavily eroded PCL matrix
between them (Fig. S2t). The bridging PCL matrix underwent
further hydrolysis, ultimately liberating all the PE particles in
the fragments. Therefore, these detached fragments (matrix
MPs) were just an intermediate product of the enzymatic
hydrolysis of the blend. From the SEM images, it was observed
that most of the particles showed no PCL matrix connection
with adjacent particles (Fig. 4d, and Fig. S31), indicating that
they were fully liberated particles. Besides, the EDS spectra of
the naked particles did not show any oxygen, expected for PCL,
which further confirms that the particles consisted of PE
(Fig. S27).

The number of particles was greatest during 0-2 days of
ageing and least during 4-6 days of ageing (Fig. 3 and 4),
which agreed well with the extent of the mass loss of the film
during every two-day period of ageing (Fig. 2d) and the pH

................
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Fig. 4 SEM images of the NMP particles on the membrane, released during 0-2 (a and d), 2—4 (b), and 4-6 (c and e) days of ageing; (f) IR spectra
of neat PE, NMPs formed during 0—2 days of ageing, and neat PCL and (g) predicted and measured mass of the NMPs formed during different
ageing periods. The inset in d and e shows typical NPs released during ageing.

drop (Fig. 2e). Striking was that the NMP particles formed in
the 30 ml solution during the first two days of ageing were so
many that they fully covered the membrane with a diameter of
35 mm (Fig. 4a). Fig. 4g shows that the measured mass of the
formed NMPs agreed well with that predicted by multiplying
the mass loss of the film during each period with the PE
content in the blend (10%). The number of the formed PE
NMPs was calculated according to:

n=m/(pVo)

where m is the total NMP mass; p is the density of PE (922 kg
m™); and V, is the average volume of the PE particles (35.3 pm®,
obtained from Fig. 1). Strikingly, as many as 197, 69, and
14 million PE NMPs were estimated to be released from the
sample during 0-2, 2-4, and 4-6 days of ageing, respectively.
Note that the actual number of particles released should be less
than the calculated number due to the presence of larger frag-
ments, each containing several unreleased PE particles.
However, these matrix MP particles are just an intermediate
product, and all PE particles are expected to be released after
complete hydrolysis of the PCL matrix. In total, 308 million PE
NMPs (10 mg in mass) are expected to be released from this
merely 0.1 g PCL/PE blend film after complete biodegradation
of the PCL matrix. Hence, 1 ton (an industrial scale) of this
blend is expected to release 3 x 10'> NMPs.

Release process

The evolution of the surface morphology of the blend films
during ageing was carefully investigated to understand the
release process of NMPs from the PCL/PE blend under enzy-

8746 | Green Chem., 2022, 24, 8742-8750

matic hydrolysis (Fig. 5). Many holes were formed on the film
surface after one day of ageing and the walls around the hole
formed a continuous network on top of the bulk film (Fig. 5a
and e). The walls consisted of partially uncovered PE particles
and heavily eroded PCL matrix (Fig. 5e). This “hole-wall” mor-
phology is also observed for neat PCL films in the initial stage
of hydrolysis under the same ageing condition, which is attrib-
uted to the uneven hydrolysis/erosion rate across the polymer
surface.*® The walls were ca. 80 pm deep with a very thin part
(less than 5 pm thick) connecting to the bulk film (Fig. 5i and
j)- Subsequently, the thin connecting part was easily eroded,
leading to the detachment of the protruding walls from the
film and the formation of the observed small fragment par-
ticles in the solution (Fig. S27).

As shown in Fig. 5b, most of the protruding hole walls had
detached from the bulk film after 2 days of ageing, leaving a
relatively flat surface (Fig. 5k). The “hole-wall” morphology was
formed again in the sample after 4 days of ageing (Fig. 5¢ and
1), and the thickness of the residual bulk film was reduced to
less than 50 pm (Fig. 51). Under further ageing, many through-
holes were observed in the thinned film (Fig. 5d and h), indi-
cating that the film was penetrated by the erosion from the
surface and down, which eventually led to the massive frag-
mentation of the bulk film and the formation of large film
fragments (Fig. 1a). Fig. 5n illustrates the observed surface
morphology during the enzymatic attack, involving hole for-
mation, wall detachment, new hole formation, film fragmenta-
tion, and the associated NMP release.

Apart from the above morphology evolution of the blend
surface, all eroded surfaces consisted of a large amount of par-

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 SEM images of the surface of the film samples aged for 1 (a and e), 2 (b and f), 4 (c and g), and 6 (d and h) days. (e) shows the "hole-wall"
structure formed on the surface after one day of ageing. (i), (k), and (1) show the cryofractured cross-section of the films aged for 1, 2, and 4 days of
ageing, respectively. (j) and (m) show the enlarged hole wall structure. (n) illustrates the evolution of the surface morphology of the PCL/PE blend
film during the enzymatic hydrolysis process. (o) illustrates the release process of a single PE particle from the matrix during ageing. The degrading
enzymes have access only to the top surface of the shown box, whereas its other sides are in contact with bulk material. The arrows indicate the

direction of the enzymatic attack.

tially uncovered PE particles (Fig. 5a-m). Based on the
observed structures of the PE particles with different degrees
of uncovering, the release process of a single particle from the
blend during the ageing is summarized in Fig. 50. At first, the
hydrolysis gradually eroded the PCL matrix from the surface
(i.e., from top to bottom in Fig. 50), uncovering the PE particle
accordingly. Once the surface erosion reached the “equator” of
the PE particle, further erosion of the PCL matrix beneath the
PE particle was hindered by the presence of the PE particle
and had to occur from the side rather than from above. Hence,
this region was eroded at a slower rate than those at the same
depth but with no particles above. As a result, the PE particle
was still bonded to the bulk film by the uneroded PCL matrix
below it, when most of the surrounding PCL matrix was
eroded (Fig. 5h, illustrated in Fig. 50). Under further ageing,

This journal is © The Royal Society of Chemistry 2022

the PCL connecting part was eroded from the side, releasing
the particle into the solution.

PCL/PP blend

To reveal that the demonstrated NMPs emission from the PCL/
PE blend was representative for partially biodegradable
polymer blends, PCL was also blended with another commonly
used non-biodegradable polymer, ie., PP at a greater mass
ratio (80/20), and its NMP release behavior under the same
ageing conditions was revealed. The prepared PCL/PP blend
also showed a sea-island morphology and the dispersed PP
particles were similarly released as NMPs into the buffer solu-
tion during the hydrolysis (Fig. S41). The number of the NMP
particles released was also large, giving the solution a milky
white color (Fig. S4at). Apart from the blends presented here,

Green Chem., 2022, 24, 8742-8750 | 8747
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Partially biodegradable polymer blends

Microplastics

Nanoplastics

Fig. 6 Illustration of the release of NMP particles from a plastic bag
that is made of partially biodegradable polymer blends upon the bio-
degradation of the matrix polymers under different environmental
conditions.

in an ongoing parallel investigation we have observed the
release of a large amount of NMP particles from immiscible
blends where the non-biodegradable particles consist of PE,
PP or polystyrene and the biodegradable matrix consists of
poly (vinyl alcohol), the latter having quite different chemistry
and properties than PCL. These findings confirm the remark-
able potential NMP emissions of partially biodegradable
polymer blends with a sea-island morphology, regardless of
the type of non-biodegradable polymer in the dispersed phase
and the biodegradable matrix. Despite that only one aquatic
environment (buffer solution) was used here, the release of the
non-biodegradable dispersed particles would also occur in
other environments where the matrix polymer is bio-
degradable, such as soil, industrial composting sites, fresh-
water, and seawater (as illustrated in Fig. 6).

Conclusions

This study demonstrated the possibility of a huge NMP emis-
sion from partially biodegradable polymer blends by taking
PCL/PE and PCL/PP blends as examples (PE and PP being the
most used plastics). The choice was made to represent the
most common case of polymer blends, i.e., where the two poly-
mers are immiscible and formed the commonly observed “sea-
island” morphology. A “hole-wall” structure was formed on the
surface during the hydrolysis of the PCL matrix, and the sub-
sequent detachment of protruded walls during further surface
erosion led to the release of small fragments as intermediate
products. The fragmentation of the bulk sample finally
occurred in the strongly thinned film after prolonged degra-

8748 | Green Chem., 2022, 24, 8742-8750
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dation, leading to the further release of fragments. At the
same time, the dispersed non-biodegradable particles were
gradually liberated and released during the erosion of the sur-
rounding matrix polymer. The number of released NMPs was
very large.

The special sea-island morphology leads to that all dis-
persed polymer phases exist as numerous NMPs particles in
polymer blends. As long as the NMP particles remain dis-
persed in the polymer matrix, they do not pose any problem,
but the risk of NMP emission is particularly high if the sur-
rounding polymer matrix degrades faster than the dispersed
phase during environmental degradation. Examples for such
polymer blends are (i) non-biodegradable polymers in a matrix
of a biodegradable polymer (as revealed in this study), (ii)
blends of biodegradable polymers of which the matrix polymer
degrades faster, and (iii) blends of biodegradable polymers
where the dispersed polymer is selectively not biodegradable
in its habitat environment (for instance, PLA is biodegradable
in industrial composting sites, but not in aquatic environ-
ments). Hence, the degree of difference in the degradability of
the matrix polymer and dispersion polymer under different
environments is a key factor in determining the emission of
the dispersed NMPs from polymer blends. In addition, the
NMP emission from partially biodegradable polymer blends
could pose problems in the recycling of biodegradable poly-
mers, because it is difficult to fully separate biodegradable
polymers from other conventional non-biodegradable polymer
wastes. Hence, a large amount of partially biodegradable
polymer blends with potentially high NMP emissions are inad-
vertently incorporated into recycled polymer products. Our
work strongly suggests that adding non-biodegradable poly-
mers into biodegradable polymers should be avoided, as they
not only reduce the degree of biodegradation, but also cause a
high risk of substantial emission of NMPs.

Experimental section

Materials and sample preparation

PCL pellets with a trademark of Capa™ FB100 and a density of
1130 kg m~? were purchased from Perstorp Holding, Sweden.
Low-density PE having a trademark of FA6224 and a density of
922 kg m~> and isotactic PP having a trademark of BB125MO
and a density of 905 kg m™® were supplied from Borealis,
Sweden. Amano Lipase PS, from Burkholderia (>30 000 U g%,
optimum pH and temperature, pH 7.0 and 50 °C) was pur-
chased from Merck, Sweden. Gibco™ phosphate-buffered
saline (PBS) with a pH of 7.2 was purchased from
ThermoFisher Scientific, Sweden. The formulation of PBS was
9000 mg L' of NaCl, 726 mg L' of Na,HPO,-7H,0, and
210 mg L' KH,PO, according to the supplier.

PCL and PE were blended with a mass ratio of 90/10 in a
twin-screw mini extruder (Xplore instruments, the
Netherlands) with a recirculating channel at 160 °C with a
screw rotation rate of 100 rpm for 5 min. PCL pellets were
dried overnight in a ventilated oven at 55 °C before the melt

This journal is © The Royal Society of Chemistry 2022
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blending. The extruded PCL/PE 90/10 blend filaments were
chopped and pressed into 0.5 + 0.05 mm thick films in a hot-
press (Fontijne TP-400, the Netherland) with a force of 200 kN
at 160 °C for 5 min. Film samples, weighing 0.10 + 0.01 g with
a rectangular shape (20 x 10 mm?), were cut from the pressed
films using a scalpel. The prepared film samples were stored
in a desiccator containing silica gel before any tests. PCL/PP
blend film samples with a mass ratio of 80/20 were also pre-
pared using the same methods but a different temperature of
180 °C was used for the extrusion and compression. The 90/10
and 80/20 mass ratios studied are commonly used in polymer
blends.

Biodegradation test/enzymatic hydrolysis

The same biodegradation test used for neat PCL in previous
work® was also employed here to hydrolyze the PCL/PE and
PCL/PP blend. In brief, one rectangular film sample was
placed in a 35 ml capped glass vial containing 30 mL buffer-
lipase enzymatic solution (lipase concentration: 0.5 mg mL™").
The glass vials were then placed/aged in an orbital incubator
shaker (Thermo Scientific MaxQ™ 6000) at 40 °C and 200 rpm
for up to 6 days. The aged film sample was taken out and
placed in a new glass vial containing a new buffer-enzymatic
solution after every second day of ageing to maintain the enzy-
matic activity. The solution pH was monitored with a pH
meter (Mettler Toledo SevenCompact Duo S213) during the
ageing. Glass vial samples with three replicates were collected
after 1, 2, 4, and 6 days of ageing. The aged films were carefully
removed from the solution, rinsed with Milli-Q water, and
dried in a desiccator containing silica gel. The weight and
thickness of the dried film samples were measured with a
Mettler AE100 balance and Mitutoyo thickness gauge, respect-
ively. The remaining glass vials containing the formed NMPs
and buffer solution were collected and stored in a refrigerator
at 4 °C before further tests.

Characterizations

Ca. 100 pL buffer solution containing the formed NMPs was
dropped on a glass slide and observed under a light micro-
scope (Inverted Laboratory Microscope Leica DM IL LED). The
30 mL buffer NMP suspension was filtered using a polyvinyli-
dene fluoride membrane with a pore size of 0.1 pm, followed
by three washings with 30 mL Milli-Q water to remove the
remaining enzyme on the membrane. The obtained membrane
was first dried under ambient conditions and then in a silica
gel desiccator. The weight of the membrane before and after
the filtration and drying was recorded to calculate the mass of
the collected NMPs. The NMPs collected on the membrane
and the surface morphology of the aged films were observed in
a field-emission scanning electron microscope (FE-SEM,
Hitachi S-4800). Energy dispersive spectroscopy (EDS) data
were collected from an 80 mm®* X-Max Large Area Silicon Drift
Detector sensor (Oxford Instruments Nanotechnology) and
were evaluated using AZtec INCA software. Before SEM ana-
lysis, the film samples were cryo-fractured in liquid nitrogen
for cross-section observation and all samples were coated with

This journal is © The Royal Society of Chemistry 2022
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palladium using an Agar high-resolution sputter coater, model
208RH. The Fourier Transform Infrared (FTIR) spectra of the
collected NMPs and neat PE and PCL were recorded (32 scans,
4 cm™' resolution) on a PerkinElmer Spotlight 400 (USA)
equipped with a single attenuated total reflection accessory
(Golden Gate, Graseby Specac, UK). A PerkinElmer Spotlight
400 FTIR imaging system equipped with a liquid-nitrogen-
cooled mercury-cadmium-telluride detector was employed to
measure the IR spectra of the individual particles (a more
detailed description of the experiment is presented in the
caption of Fig. S17).
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