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Abstract

This study investigates the effect of biochar (BC) as a filler for biopolymer blends, with a focus on the effect of the biopoly-
mer weight ratio on the final BC-added blends. The blends studied in this work were obtained by varying the weight ratio
of poly-butylene adipate-co-terephthalate (PBAT) and polylactic acid (PLA) due to their great importance in packaging
and agricultural fields. BC has been produced in our laboratories by the slow pyrolysis of the digestate obtained from the
anaerobic digestion of the organic fraction of municipal solid waste (OFMSW). After pyrolysis, digestate-derived biochar
has been milled and sieved to produce a powdery form with diameter of less than 45 um. In order to better investigate the
filler/polymer interactions, biochar particles were dimensionally, morphologically and chemically characterised. The inho-
mogeneity of the feedstock is responsible for content and high diversity of inorganics in biochar surface. The effect of BC on
PBAT and PLA biopolymer matrices is different, and for the blend compositions the relative weight ratio between PBAT and
PLA plays an important role. Furthermore, the biocomposite blend has been fully characterised: rheological, morphological,
mechanical and dynamic-mechanical characterisations have been carried out, highlighting how the properties results strongly
influenced by the presence of BC in the blend. In addition, a study of the viscous molar mass of the two polymer matrices
when processed in the presence or absence of BC particless highlighting that a strong chemical interaction occurs between
PLA and BC particles, unlike PBAT and BC.
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Introduction

The circular economy with a set of proactive measures like
the production of sustainable products, business models
and standards have already been defined by the European
Commission [1]. Therefore, a shift towards more sustain-
able materials and production processes needs to be made
by the industries. The widespread use of polymers in the
packaging industry and the huge impact that disposable
products have on our daily lives, has led to increased
efforts to replace conventional polymers with biodegrad-
able polymers. This is in order to reduce the environmental
pollution caused by the improper disposal of conventional
polymers. With the same aim of reducing waste and its
impact, pyrolysis of waste has increased interest as a way
of valorising waste in the form of bio-oil and syngas. In
addition, the use of biochar, the solid by-product of pyroly-
sis, as a value-added material is a fundamental part of the
circular economy.

In recent years, biopolymers and blends of biopolymers,
such as polysaccharides, proteins and lipids, have been
widely investigated as materials not only for the green
packaging industry [2-7], but also in the transportation,
automotive or other more profitable fields, such as biomed-
ical or cultural heritage preservation [8—13]. Of course,
the use of biopolymers, even if they are biodegradable or
compostable, does not exempt one from considering and
proposing a disposal route. Whether biopolymers actu-
ally degrade spontaneously in natural habitats, especially
when present in large quantities, compared to specific
experimental conditions such as industrial composting,
is an ongoing debate. For the polymer to be truly green,
it must be recyclable [14]. In this perspective, polylactic
acid, PLA, has attracted great interest due to its unique
properties comparable to conventional plastics, combined
with its renewability andcompostability, and has found its
way into medical applications (i.e. implant devices, tissue
scaffolds, drug delivery) [15, 16], packaging and textile
sectors [2, 17], automotive and electronics applications
[10, 11]. However, the brittleness and low thermal stabil-
ity of PLA combined with its high cost could limit its
applications. To avoid this drawback, PLA can often be
blended with other biopolymers or added with some filler
to improve its properties and/or reduce the final cost of a
product. Among several biopolymers used in blends with
PLA, poly(butylene adipate-co-terephthalate), PBAT, is
well used due to its high ductility and complete biodeg-
radability [18, 19]. PBAT, biodegradable thermoplastic
bio-polyester random copolymer obtained by polyconden-
sation of butane diol (BDO), adipic acid (AA) and tere-
phthalic acid (PTA), shows good biodegradability due to
the presence of aliphatic functional groups and excellent
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mechanical properties due to the aromatic structure in the
molecular chain [4, 20, 21]. Several studies have been car-
ried out on PLA blended with PBAT to improve the pro-
cessability and tensile properties of PLA [22, 23].

A complete study of the morphological structure of these
two biopolymers has been carried out by Pietrostanto et al.
[24] to evaluate the suitability of PLA:PBAT blends as pack-
aging materials for chilled and frozen foods, highlighting
that the more PBAT is added to the blend, the lower the
oxygen barrier is, even if an increase in the toughness of
the final film has been found. Moustafa et al. [5] blended
PLA and PBAT and improved the biocompatibility of the
blend with expanded colophony organoclay, which was also
responsible for a significant improvement in the viscoelas-
tic and mechanical properties of the final nanocomposites.
Xin Li et al. [25] prepared biodegradable films of PLA with
PBAT in the presence of chain extenders to increase the
ductility of the PLA film and improve the toughness and
viscoelastic properties [26].

The biodegradation study of films based on PLA:PBAT
blend has been carried out by several authors. The biodegra-
dation of PBAT:PLA blends under soil conditions has been
studied, revealing a different biodegradation mechanism
of the two matrices, although a decrease in carbon content
and a global increase in oxygen content have been found for
pristine matrices and the blends [27]. The photo-oxidation
behaviour of the polymer blend has also been studied by Xie
[28], who proposes a predictive model to quickly evaluate
the life of the blend films, since agricultural mulch films are
one of the possible applications of this blend.

As mentioned above, in addition to the use of biodegrad-
able polymer, another way to reduce waste and move towards
more sustainable production is the valorisation of waste as
a feedstock for energy production through pyrolysis. The
Biochar (BC), a carbon-rich product, has increased its inter-
est as a value-added material due to specific characteristics
such as cation exchange capacity, large specific surface area,
high porosity stable structure and high thermal stability [29,
30]. BC has been widely used in environmental applications
such as soil remediation [31, 32], fuel cell additive [33-35],
wastewater treatment [36, 37] and as a filler for biopolymer
production [38, 39]. In addition, the structure and proper-
ties of biochar can be tailored to the application by vary-
ing the pyrolysis operating conditions, i.e. by varying the
temperature, heating rate and oxygen flow, it’s possible to
control the global porosity of BC particles and the presence
of residual functional groups on their surface [40-42]. Fur-
thermore, when used as a filler in polymer matrix, BC can
impart great electrical properties [43, 44], barrier properties
[45], mechanical [46] and thermal properties [47, 48], and
radical scavenging protection [40, 49].

A previous study investigated the properties and filmabil-
ity of biocomposites based on PBAT as polymer matrix and
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commercial biochar powder as filler, varying the filler con-
tent of BC in the composites and selecting the composites
with 5 wt% and 10 wt% BC in PBAT matrix as the most suit-
able composites for film blowing production [49]. Further-
more, the use of three different biochar particles produced
from carob waste, as a result of three different temperature
pyrolysis, were incorporated into PBAT polymer matrix.
This study has been determined the relationship between
pyrolysis temperature condition [50] and biochar particles
and the relative final composite properties [40]. In a study
conducted by George et al. [51], a composite was prepared
by blending PLA in a high concentration and PBAT, in the
presence of BC particles. The study highlighted a reduction
in the electrical resistivity of the matrix when 10 wt% of
BC was added. Accodingly, Musiot et al. [52] Found that
for PBAT:PLA/BC composites, the dependence of the sur-
face resistivity of the composites strongly depends on the
BC content, and found that the addition of 30 wt% of BC
resulted in a sixfold reduction with respect to PBAT:PLA.

In this study, PBAT:PLA based biocomposites have been
formulated by adding biochar particles, keeping the filler
loading constant at 10 wt%, a concentration chosen based
on the results of our previous work [40, 49]. A compre-
hensive study has been carried out on how the presence of
biochar has a drastic effect on the properties of the blend
as the PBAT:PLA weight ratio changes. The BC particles
used in this work have been formulated in our laboratory as
aresult of the slow pyrolysis process performed on digestate,
the results of decomposition under low oxygen atmosphere
of a biodegradable waste to produce biogas. The operating
conditions chosen for pyrolysis are therefore determined
by optimizing energy for biogas production, and the result-
ing biochar fraction, i.e. a waste, was used to produce our
composites. Initially, the biochar particles were dimension-
ally, chemically and morphologically characterized. Later,
to characterise the biocomposite blends, rheological, mor-
phological, thermal and mechanical characterisation were
carried out, comparing the blend formulation with the filled
blend formulation. Finally, to fully characterise the compos-
ites, the intrinsic viscous molar mass was evaluated using
a capillary viscosimeter for PBAT and PLA, and for PBAT
and PLA after processing with BC particles.

Materials and Methods
Materials

Poly(butylene adipate-co-terephthalate), PBAT, (commer-
cial Ecoflex® F Blend C1200, BASF, SE, Ludwigshafen,
Germany) is a film grade with a melt flow rate (MFR) of
2.7-4.9 /10 min (190 °C, 2.16 kg), a density in the range
1.25-1.27 g/cm® and a melting temperature in the range

110-120 °C. Poly(lactic acid), PLA, (commercial Ingeo ®
4032D, NatureWorks, USA) with a melt flow index (MFI) of
7 g/10 min (at 210 °C and 2.16 kg), a density of 1.24 g/cm®
and a melting point between 155 and 170 °C. The biochar
used in this work was produced in our laboratory, following
the entire procedure.

Feedstock Thermo-gravimetric Analysis
and Digestate Slow Pyrolysis

The feedstock for thermal cracking, digestate, was kindly
provided by Archimede s.r.I., Caltanisetta, after extraction of
biogas by anaerobic digestion of OFMSW, Organic Fraction
of Municipal Solid Waste. The feedstock was characterised
before the slow pyrolysis process. The thermogravimetric
study of the waste was carried out using a Netzsch STA
449 F1 Jupiter thermogravimetric analyser. Approximately
90+ 5 mg of the sample under consideration was crushed
to reduce the waste to powder and transferred to the cruci-
ble of the analyser. Each thermogravimetric analysis was
repeated at least in duplicate and the sample was heated at
different heating rates (i.e. 5, 10, 20 and 40 °C/min) from
room temperature to 600 °C to assess the pyrolysis operat-
ing conditions.

Following the procedure described in a previous study
[50], thermal cracking of the digestate was carried out in a
semi-batch reactor under atmospheric pressure and an inert
atmosphere of argon. The pyrolysis was carried out in an
R-101 reactor, an autoclave stirred reactor with a volume of
500 mL. For each cracking experiment, approximately 20 g
of digestate was added to the reactor, which was heated from
room temperature to 400 °C at an average heating rate of 10
°C/min. the experiment were performed four times. After
pyrolysis, the resulting biochar was ground in a mechanical
mortar and sieved to less than 45 pm.

Biochar Particle Characterization

The size of the biochar particles was measured using a Mal-
vern Mastersizer 2000 granulometer. The Mastersizer 2000
granulometer was equipped with a Malvern Hydro 2000
MU, which uses a stirrer to disperse 1 g of sample in 800
mL of deionised water. All analyses were performed at two
different stirrer speeds of 2000 and 3000 rpm after 5 min of
sonication. The diameter size distribution was plotted after
measurements on six different samples. The particle distri-
bution curves were extrapolated from this measurement.
Three factors were calculated, d10, d50 and d90, represent-
ing the maximum diameter value of 10%, 50% and 90% of
the particles respectively.

In order to understand the chemical composition, ATR-
FTIR analysis was carried out on the BC (Perkin-Elmer
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FT-IR/NIR Spectrum 400, Waltham, MA, USA) and 8
acquisitions were made for each measurement.

Particle morphology was analysed by scanning electron
microscopy (SEM) (Quanta 200 F ESEM, FEI, Hillsboro,
USA). All samples were sputter-coated with a thin layer of
gold to avoid electrostatic charging under the electron beam.
Energy dispersive X-ray (EDX) analysis was also performed
on the particles.

Biocomposites Formulation

Prior to processing, biopolymer pellets and BC particles
were dried at 60 °C under vacuum to avoid hydrolysis phe-
nomena, then the biocomposite formulation was carried out
using a batch mixer (Brabender model PLE330, Duisburg,
Germany) at 170 °C with a mixing speed of 50 rpm for 5
min, with simultaneous addition of BC and polymer matrix.
Sample codes with relative polymer and filler concentrations
are described in Table 1. To characterise the biocomposites,
pellets of all materials were dried in a vacuum oven under
the same conditions as above and then compression moulded
using a Carver Laboratory Press, (Carver, Wabash; IN;
USA) at a temperature of 170 °C at 300 psi for about 3 min.

Biocomposites Characterization

Rheological tests were performed using a strain-controlled
rheometer (mod. ARES G2 from TA Instrument, New Cas-
tle, DE, USA) in parallel plate geometry (plate diameter 25
mm). The complex viscosity (n*) and storage (G') and loss
(G”) moduli were measured by performing frequency scans
from @=1072to 107 rad/s at the same processing tempera-
tures. The strain amplitude was y=15%, which preliminary
strain sweep experiments showed to be low enough to be in
the linear viscoelastic regime.

A scanning electron microscope (SEM, Quanta 200
ESEM, FEI, Hillsboro, OR, USA) was used to examine the
microstructure of the biocomposites. Prior to SEM analy-
sis, the samples were fractured in liquid nitrogen. The frac-
tured surface of each sample was sputtered (Scancoat Six
Edwards, Crawley, UK) with a thin layer of gold under an
argon atmosphere for 90 s to avoid electrostatic charging
under the electron beam. The particle size distribution curve

of BC particles after processing was measured on the SEM
micrographs using image processing software freely avail-
able from the National Institute of Health USA (ImagelJ,
Bethesda, MD, USA).

Tensile tests were performed on seven rectangular speci-
mens using a universal testing machine (Instron model 3365,
Rochdale, UK) according to ASTM D638-14. The tests were
performed at a tensile speed of 1 mm/min for 1 min to evalu-
ate the Young’s modulus, and then the speed was increased
to 10 mm/min until the specimen broke. The average values
for elongation at break, EB, modulus of elasticity, E, and
tensile strength, TS, were calculated.

Dynamic mechanical thermal tests (DMTA) were carried
out in tensile configuration through a dynamic mechanical
analyser model DMA + 50 (Metravib, Limonest, France).
The test was performed on three specimens (10 mm x 30
mm) of each composite from room temperature to 140 °C
at a heating rate of 5 °C/min. The frequency was set at 1 Hz
and the dynamic displacement was set at 5x 107> m.

The intrinsic viscosity 1 was measured using an iVisc
LMYV 830 capillary viscometer (Lauda Proline PV 15,
Lauda-Konigshofen, Germany) equipped with a Ubbelohde
(K=0.005) capillary viscometer in an oil bath thermostated
at 27 °C. To prepare the solution at a concentration of 0.2
wt%, each material was dissolved in tetrahydrofuran (THF)
with stirring at 50 °C for 1 h. To evaluate the intrinsic vis-
cosity of the composites, each composite was dissolved in
THEF, the solid fraction was removed with filter paper, the
resulting solution was poured and a 0.2 wt% solution was
prepared. Flow time measurements were performed in trip-
licate for each sample until the standard deviation was less
than 0.5 s. The intrinsic viscosity values were calculated
according to Solomon-Ciuta using the equation [53]:

V2 —
7] = T Msp — lnnrel

where c is the concentration of the polymer solution, 1, 1,
and n,,, are the intrinsic, specific and relative viscosities,
respectively. The solution viscosity of each sample was
obtained by averaging 5 flow measurements. The visco-
simetric molecular weight (M,) was calculated using the
Mark-Houwink equation:

Table 1 Sample code name with

N X . Sample PBAT PLA Sample PBAT PLA BC
relative weight concentration [wt%] [wt%] [Wt%] [wt%] [wt%]

PBAT:PLA 100:0 100 0 PBAT:PLA/BC 100:0/10 90 0 10

PBAT:PLA 75:25 75 25 PBAT:PLA/BC 75:25/10 67.5 22.5 10

PBAT:PLA 50:50 50 50 PBAT:PLA/BC 50:50/10 45 45 10

PBAT:PLA 25:75 25 75 PBAT:PLA/BC 25:75/10 22.5 67.5 10

PBAT:PLA 0:100 0 100 PBAT:PLA/BC 0:100/10 0 90 10
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(7] = KM}

Depending on the specific polymer-solvent system, the
parameter values of the Mark-Houwink constants, a and K,
are different. For PLA-THF, K=1.74-10"* and a=0.736
[54]. For PBAT-THF, K=1.5-10"* and a=0.766 [55].

Results and Discussion
Digestate and Biochar Analysis

Prior to the pyrolysis process, the digestate was character-
ised by thermogravimetric analysis to investigate the thermal
degradation path of the waste. Figure 1 shows that digestate
degradation at low heating rates occurs over a wide tempera-
ture range, which narrows as the heating rate increases. The
derivative thermogravimetric (DTG) curves show four dif-
ferent, well-differentiated peaks, suggesting a complex deg-
radation pathway of the digestate waste, which takes place
through four different degradation steps. In fact, referring
to the DTG curve with a heating rate of 10 °C/min, the first
DTG peak at about 104.31 °C is related to the removal of
moisture content and very high volatile components. Fur-
thermore, the other three peaks can be considered as deg-
radation peaks of a lignocellulosic feedstock. This assump-
tion may be reasonable since digestate is derived from the
anaerobic digestion of organic matter. Thus, according to
the literature, biomass degradation after thermal stress is
essentially in three steps: (i) hemicellulose degradation, (i)
lignin and cellulose degradation, and (7ii) lignin decomposi-
tion [56]. Thus, at a heating rate of 10 °C/min, the digestate
shows that hemicellulose degradation occurs at 214.78 °C,

Fig.1 TG and DTG Curves of
Digestate at different heating

while lignin and cellulose degradation and lignin decom-
position occur at 326.71 and 429.92 °C, respectively. In
accordance with the DTG curves and a previous study [40],
a temperature of 400 °C was chosen to pyrolyse the waste
as a compromise between the need for weight loss and the
need to save energy compared to 429.92 °C.

Before using biochar as a filler for PBAT:PLA blends, it
was ground with a mechanical pestle and mortar and sieved
to less than 45 pm. The final size of the BC particles was
measured using an ultrasonic granulometer equipped with a
dispersant unit able to use different stirrer speeds. The stir-
ring speeds, in fact, affects the homogenisation of the parti-
cles in solution, and thus the final particles size distribution
(PSD) curves, resulting slight difference between Fig. 2a and
b. It gives more confidence in the measurement to report that
the error is small at both speeds.

According also to the SEM morphology (see Fig. 3a,
b), almost all the particles have a diameter less than 100
pm: thanks to the d10 factor, it is possible to state that at
least 10 v.% of the particles have a diameter less than 5 pm,
with many particles less than 1 pm (Fig. 3a) which, after
sonication during the Mastersizer measurement, break up
from agglomerates to be led in solution. The sieving process
was efficient: the maximum of the particle size distribution
curves varies from 52.1 pm to 35.4 pm by varying the stir-
ring speed during the measurements from 2000 to 3000 rpm,
and certainly 90% of the particles have a diameter smaller
than 87.2 pm.

In order to chemically characterise the biochar, ATR-
FTIR analysis of the BC was carried out (see Fig. 3c)
and compared with the digestate prior to pyrolysis,
and EDX measurements were carried out (see Fig. 4).
The ATR-FTIR spectra show a reduction of several
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Fig.3 SEM morphologies of biochar at a 20 000 x and b 2 500 x and ¢ ATR-FTIR spectra of digestate before pyrolysis and resulting biochar
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Ga

Fig.4 EDX spectra of biochar obtained by slow pyrolysis of digestate at 400 °C and 1 atm at different magnitude: (a) 50 x and (b) 1000 x

(related to aromatic C=C stretching and C=0 stretch-
ing modes). Thermal cracking is responsible for breaking
chemical bonds to rearrange them into new functional
groups. The reduction of hydrogen-bonded hydroxyl
groups, aliphatic groups, and C=C and C=0 aromatic
groups (which appears to be partial rather than complete)
can be attributed to incomplete thermal degradation of
the feedstock. As stated before, at 400 °C, hemicellulose,
cellulose and some lignin degradation occurred. The rear-
rangement of these chemical structures as a result of the
pyrolysis process can be seen by the increase in certain
bands, such as: the peak at 1420 cm-1, related to aro-
matic structural vibrations, the peak at 1026 cm~!, nor-
mally related to C-O stretching, the two peaks at 876 and
778 ¢cm™!, related to aromatic C-H deformation modes
[57-59].

In addition, EDX analysis was carried out to charac-
terise the elemental composition of the BC surface at two
different magnifications: 50x and 1000x to evaluate the
elemental concentration of BC qualitatively and quanti-
tatively. The sample results are homogeneous, although
some element concentrations differ by a few percentage
points. However, all atoms with an atomic weight lower
than sodium have an intrinsic error in weight determina-
tion. Nevertheless, as shown in Fig. 4, several elements
have been detected by EDX spectroscopy: from carbon
to iron and titanium. It can be stated that BC is mainly
composed of carbon and oxygen. Other elements with
significant concentrations are: aluminium, silica, phos-
phorus, potassium and calcium. In this study, for the char-
acterisation of the composites, it is important to highlight
the presence of iron in low concentration [60-62]. The
high variety and quantity of inorganic contents are attrib-
uted to the inhomogeneity of OFMSW and its inorganic
components, such as bones and table salt, present in the
initial food waste.

Composites

The complex viscosity as a function of angular frequency
of bio-blend and bio-composites is shown in Fig. 5.
In Fig. 5a, the curves show that the original samples
(PBAT:PLA 0:100 and PBAT:PLA 100:0) have the same
complex viscosity at low frequency, with a more Newto-
nian behaviour for pure PLA compared to pure PBAT. In
fact PBAT shows a more pronounced decrease in complex
viscosity with increasing angular frequency. In fact, unlike
PLA, PBAT shows a narrower Newtonian range, exhibiting
a shear-thinning behaviour already from 1 rad/s to higher
angular frequency tested. Accordingly, in blend formula-
tion, the addition of PBAT limits the Newtonian range,
with the shear thinning tendency becoming more pro-
nounced with increasing PBAT content. For blends with
a predominance of one of the two matrices (PBAT:PLA
75:25 and PBAT:PLA 25:75), the complex viscosity at low
frequency is higher than that of the pure matrix, with the
appearance of a stress-strain behaviour at low frequency,
suggesting a change in morphology. However, PBAT:PLA
50:50 shows a more balanced behaviour between the two
matrices. This phenomenon is classical for immiscible pol-
ymer blends and depends on the higher shear that occurs
between the two phases. In fact, for immiscible polymers,
the formation of droplets of the minor phase in the major
phase results in an increase of the complex viscosity. For
the blend in which PBAT and PLA are equivalent, as vis-
ible later in the morphology section, no droplet formation
is visible and the morphology results in an elongated co-
continuous phase that result responsible of an easier slid-
ing of the polymer chain under shear [63, 64]. Thus, the
blends have a higher complex viscosity at low frequency
and a pronounced shear thinning behaviour during the fre-
quency range, suggesting a high interaction between the
two matrices [5, 24], with a decrease in complex viscosity
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Fig.6 Rheological behaviour of a PBAT:PLA 100:0 with and without 10 wt.% of BC b PBAT:PLA 0:100 with and without 10 wt.% of BC

at higher frequency due to disentanglement of the molecu-
lar chain [19, 25].

As shown in Fig. 6, the addition of 10 wt% BC to virgin
PBAT or virgin PLA determines two different rheological
behaviours. In fact, as seen in the previous study [40], 10
wt% BC on PBAT matrix determines a global increase of
the complex viscosity, as shown in Fig. 6a. Differently,
as shown in Fig. 6b, for pure PLA the addition of 10 wt%
BC completely modifies the rheological behaviour with
a significant reduction of the complex viscosity and a
stress-strain behaviour at low frequency. This behaviour

@ Springer

is usually seen when a plasticiser is added to a polymer
matrix or degradation phenomena occur.

Turning to the study of the composite blends, the rheo-
logical behaviour depends on the weight ratio between
PBAT:PLA to mean the balance between their two antithetic
behaviours. Figure 5b shows the rheological behaviour of
composite blends compared to PBAT and PLA based com-
posites. At low frequency, the complex viscosity decreases
as the PLA content in the blend increases, similar to that of
the PLA composite. The presence of BC particles and their
interaction with the polymer blend is more visible in the
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stress-strain behaviour at low frequency when the amount of
PLA exceeds the amount of PBAT in the biopolymer blend.
Instead, the PBAT:PLA/BC 75:25/10 complex viscosity
has a more pronounced angular frequency dependence. The
PBAT:PLA/BC 50:50/10 showed both stress-yield behav-
iour and a pronounced decrease in complex viscosity with
increasing angular frequency.

Figure 7 shows the SEM images of the nitrogen-fractured
surface for the PBAT:PLA blends with different composition
ratios, showing a typical two-phase structure. In accordance
with the rheological behaviour, the morphology changes
with increasing PLA content in the PBAT:PLA blend. As
shown in the first column of Fig. 7, the morphology changes
from spherical droplets (PBAT:PLA 75:25) to a co-contin-
uous elongated structure (PBAT:PLA 50:50) and back to
spherical droplets [23, 65]. In composite SEM images, the
average size of BC particles in biopolymer blends appears
to be smaller than the dimension shown in Fig. 3¢ (see Fig-
ures S1 and S2 in Supplementary Information). This phe-
nomenon is probably due to the shear stress experienced by
BC during melt mixing, which also favours a deagglom-
eration of smaller particles seen in Fig. 3b, which appear
homogeneous and well dispersed in the biopolymer blend.

The reduction in particle size that occurred during
melt mixing could cause an increase in the polymer/filler
interface area, with a consequent increase in the interac-
tion between BC and the biopolymer blend. Also in this
case, and in accordance with the rheological behaviour,
this interaction led to a change in morphology depending
on the PBAT:PLA weight ratio. Concerning the addition
of BC to pristine PBAT matrix, a good adhesion and dis-
persion between biopolymer matrix and BC particles was
shown, as already reported in a previous study [40]. When
added to pristine PLA matrix, good dispersion is achieved,
but a dissection between polymer matrix and BC occurs,
with clear gaps surrounding BC particles. Moreover, in the
presence of BC, when PLA is the minor phase (PBAT:PLA/
BC 75:25/10), its droplets homogeneously distributed in
the PBAT matrix change from spherical shape to “donut”
shape, with a global reduction of the mean particle diameter.
Conversely, when PBAT is the minor phase (PBAT:PLA/
BC 25:75/10), the homogeneously distributed PBAT droplet
retains the spherical shape. In this case, the major phase of
PLA changes its morphology and shows a “volcano” shape
around the PBAT droplet. For PBAT:PLA/BC 50:50/10, a
co-continuous elongated structure appears to be preserved,
although the PLA appears slightly damaged.

Figure 8 shows the mechanical properties of the blends,
namely Young’s modulus, tensile strength and elongation
at break. As expected, for the blend without BC (black
line), a transition from a rigid material to a ductile mate-
rial is observed with increasing PBAT wt%, from a higher
young modulus and lower elongation at break values for
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pure PLA to a lower young modulus and higher elongation
at break values for pure PBAT. In line with the rheological
behaviour and morphology, the presence of BC has (i) a
reinforcing role for PBAT that, as it is aspect, moves the
mechanical behaviour of PBAT from ductile to rigid, and (ii)
a reduction in mechanical properties for PLA. Consequently,
for the blend composition, when PBAT is the main phase,
BC shows a small reinforcing role, while when PLA is the
main phase, biocomposites show a reduction in mechanical
properties. Nevertheless, for PBAT:PLA/BC 50:50/10, an
increase in Young’s modulus, tensile strength occurs with-
out much variation in elongation at break, probably due to
the preservation of the co-continuous elongated morphology
and a good dispersion of BC in the blend.

The results of the DMA analysis are shown in Fig. 9 as
the variation of the logarithm of the storage moduli and the
damping factor with temperature. The storage modulus E’
and the damping factor (tand) for the blend and the blend
filled with 10 wt.% BC as a function of temperature are
shown in Fig. 9, from room temperature to 140°C, where
possible. As expected, the first observation is related to the
differences in the storage modulus at room temperature and
in the shape of the storage modulus curve between the pure
PBAT and the blend with PBAT in the major concentration
with respect to the pure PLA and the blend with PLA in
the major concentration. Instead, for the PBAT:PLA 50:50
blend, the mechanical behaviour of PLA prevails, with a
storage modulus at room temperature comparable to that of
pure PLA and a pronounced increase in a E’ (with a maxi-
mum at £130°C) due to the cold crystallisation phenomena
of PLA. A second observation is related to the shape of the
damping factor curve: the main peak at tand is related to
the Tg of PLA, since that of PBAT is normally observed
around between 30 and —20°C. In Fig. 9b it is clear how
the T, of PLA in the blend remains constant and equal to
70.3+0.6 °C, and the increase in magnitude results coher-
ent with the increase of PLA in the blend: namely PBAT,
the rubbery phase, acts as a stress concentrator. When the
blends are filled with 10 wt.% BC, the first observation is
the shift towards a lower value of E’ of the PBAT:PLA/
BC 75:25/10 and PBAT:PLA/BC 50:50/10 blends, coher-
ent with the tensile properties already shown. The stor-
age moduli below the glass transition temperature of PLA
are lower for all PBAT:PLA weight ratios, except for pure
PBAT. This behaviour is consistent with the tensile proper-
ties and rheological behaviour. Moreover, a different shape
with a double shoulder in the E’ curves, caused by PLA cold
crystallisation phenomena. As regards the damping factor,
a significant reduction in the size of the main peaks related
to T, is observed, indicating a low damping capacity in the
presence of BC. Furthermore, a shift towards a lower value
of Tg is observed with the increase of PLA in the blend, from
71.4 °C for PBAT:PLA/BC 75:25/10 to a T, of 66.4°C for
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PBAT:PLA/BC 25:75/10. The slight decrease in glass transi-
tion temperature with increasing PLA in the biocomposite
blend and the decrease in peak size is consistent with the
behaviour observed with rheological analysis. We hypoth-
esize that the decrease in storage moduli below the glass
transition temperature and the decrease in T, are due to a
possible degradation of the PLA polymer chain, caused by
the presence of BC in the blend [38].

In order to evaluate the degradation phenomena likely
to be suggested by the previous characterisation, a meas-
urement of the molecular weight was carried out by means
of intrinsic viscosity measurements and correlated to the
molecular weight M, by means of Mark-Houwink con-
stants. Table 2 shows the results of the capillary visco-
simetry carried out on PBAT and PLA, with and without
10 wt% BC. The viscous molar mass of the biocomposites

was compared with that of the pure matrix subjected to
the same process condition. The table shows that Mv of
PBAT processed in the presence and in absence of BC
keeps its viscous molecular weight constant. Indeed, the
dimensionless value of the viscous molar mass is close to
one. While for PLA a significant reduction of the viscous
molar mass has been highlighted, in fact the dimensionless
molar mass results 0.5. For PBAT, the loading of BC as
a reinforcing filler leads to an increase in mechanical and
rheological properties. Instead, the reduction in viscosity
and molar mass of PLA suggests a scission of the molecu-
lar chains induced by the presence of BC in the compos-
ite. This result is probably due to the fact that BC causes
or accelerates the degradation of PLA, thereby reducing
the molar mass [39, 66]. As state before some traces of
iron were found on the surface of the BC, and it has been
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Fig.9 Storage modulus and damping factor graphs for biopolymer blend a,b without and ¢,d with 10 wt.% of BC

Table 2 Viscous molar MO M,
v

. . n, M, n, LT
mass, intrinsic viscosity, and [g/mol] [dL/g] [g/mol] [dL/g] M,
dimensionless values of molar
mass of PBAT andWPLA with PBAT:PLA 100:0  5.32x10*  0.63 PBAT:PLA/BC 100:0/10  5.79x10*  0.67 1.08
and without 10 wi% of BC PBAT:PLA 0:100  1.58x10°  1.17 PBAT:PLA/BC 0:100/10  7.91x10* 0.7 0.50

suggested from the literature that Fe3* could reacts with Conclusion

carbonyl oxygen and the adjacent carbon to form stable

Fe—O and Fe-C chemical bonds, which are able to weaken  In this work, a fully biodegradable biopolymer blend based
the ester bond of PLA [67]. In addition, the pOSSlblllty that on PBAT and PLA matrices was prepared by Varying the
the presence of inorganic materials may catalyse the ther-  weight ratio between the two biopolymer matrices. The

mal decomposition of PLA has recently been demonstrated biochar added to the different biopolymer blends was
by Kane et al. [43].
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obtained in our laboratories using digestate as a feedstock.
Initially, the digestate was thermally characterised to eval-
uate the pyrolysis temperature condition. The dimensional
and chemical characterisation highlighted a maximum
diameter of BC particles of 45 pm and a high carbon con-
tent, with residual inorganic and metal atoms on the sur-
face of BC particles. For biocomposites blend rheological
behaviour, the addition of BC modifies complex viscosity
depending particularly on PLA interaction with BC par-
ticles, and consequently on the increase of PLA matrix in
polymer blend. From the mechanical characterisation of
the filled blend, it is evident that degradation phenomena
occur caused by the interaction between PLA and BC par-
ticles. From the morphological characterisation, it is clear
how different is the interaction between BC particles and
the two different polymer matrices, showing an overall
good BC dispersion in the polymer matrix, even if a bet-
ter interfacial adhesion was highlighted in the presence of
PBAT matrix, and some degradative evidence was found
on PLA matrix. Thus, the rheological, morphological and
mechanical behaviour of BC filled blends highlight the
challenges of using BC particles as filler for PLA or PLA
based blends. Indeed, degradation phenomena when BC
interacts with the PLA matrix have been confirmed by
means of a capillary viscosimeter, evaluating the viscous
molar mass of the two polymers matrix processed in the
absence and in the presence of BC particles. In fact, a
significant reduction in the molecular weight of PLA is
probably due to a strong interaction between PLA and the
residual inorganic elements present on the BC surface after
pyrolysis. In short, the excellent properties of BC particles
obtained from digestate pyrolysis could certainly be used
as a filler for biopolymer blends, although the composition
of the blend is a determining factor.
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