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Additives are known to improve the properties of biopolymers, but most additives have environmental or per-
formance concerns that limit their use. In this context, the recovery and use of bio-waste and biomass for the
formulation of sustainable bio-composites is a challenging issue for the transition from a linear to a more sus-
tainable circular economy. Recently, the replacement of carbon-based fillers in polymers and biopolymers with
biochar particles derived from thermochemical treatments of biomass waste has attracted increasing attention
for its potentially critical role.In this work, sustainable bio-composites based on biodegradable poly(butylene
adipate-co-terephthalate), PBAT, and biochar, produced by controlled thermochemical treatments of biomass
waste, were prepared by melt blending and their durability and performance were investigated in detail. Firstly,
carob waste, after syrup extraction, was subjected to dry and wet thermochemical processes, i.e. slow pyrolysis at
280, 340 and 400 °C and hydrothermal carbonisation at 220, 250 and 280 °C, to obtain slow pyrolyzed biochar
(SP-BC) and hydrothermal carbonised biochar (HTC-BC) particles. The SP-BC and HTC-BC, i.e. the solid phases
resulting from the thermochemical processes, were characterised by elemental analysis and spectroscopy to study
their physicochemical properties and by microscopy to analyse their morphology. Pure PBAT, PBAT/SP-BC and
PBAT/HTC-BC bio-composites containing 10 % by weight of SP-BC and HTC-BC respectively were characterised
by thermal, morphological, rheological and mechanical analyses. The results indicate that both types of particles
exerted a reinforcing effect on PBAT and the resulting bio-composites were more thermo-mechanically stable
compared to pure PBAT. Considering the potential application of these bio-composites as sustainable packaging
materials, particular attention was paid to the photo-oxidation behaviour of these materials under accelerated
artificial weathering conditions. Interestingly, both SP-BC and HTC-BC exerted a protective effect against the
photooxidative ageing of PBAT, and this effect was more pronounced when HTC-BC was used.

1. Introduction

The transition from a linear to a circular economy requires the
implementation of new approaches to how to produce, use and dispose
of all goods and materials. It is necessary to understand and implement
new real production pathways in relation to the efficient implementa-
tion of the "waste-to-materials” concept [1,2]. Therefore, the innovative
design, production and end-of-life management of materials plays an
important role in advancing the circular economy at the large-scale in-
dustrial level [3,4].

Furthermore, taking into account the new circular economy princi-
ples, many residual biomasses can be subjected to different
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thermochemical upgrading procedures to convert them into a high en-
ergy dense solid phase, commonly known as biochar together with
variable amounts of gas and oily phases [5-9]. By varying the reaction
conditions as temperature, rates, pressure, the presence of water and
inert atmosphere, and nature of the starting material [10-13], the
thermochemical treatments of biomasses could lead to the production of
gases, oils and solid phases in different proportions [14]. It is well
known that the solid phases, ie. the biochar particles, are mainly
composed of carbon atoms (up to about 90 %) and reduced amounts of
hydrogen, nitrogen and oxygen atoms [15-18].

Therefore, producing biochar particles from biomass wastes offers a
versatile and sustainable way to reuse biomass wastes, transforming
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them into a resource. Interestingly, the biochar particles are proposed as
useful resource for numerous applications, such as soil conditioners and
pollutant [19], in animal farming [20], in the building sector [21-23],
for waste water treatments [10,24,25], textiles, wellness [26,27], and
recently, as CO, sequestrant agent [28-30]. Further applications of these
sustainable particles need to be investigated and established to fully
exploit their potentialities.

Hydrothermal carbonisation (HTC) of biomass is a thermochemical
process that converts wet residual organic materials into a biochar at
milder conditions, when compared to conventional pyrolysis [31-34].
The HTC process can successfully and efficiently convert various
biomass feedstocks, such as agricultural residues, forest residues,
organic municipal wastes, etc., in the presence of water (and thus
without energetically expensive drying procedures) into a stable
carbon-rich material called hydrochar (HTC-BC) [18,33,35]. During
hydrothermal carbonisation, water acts as a solvent catalysing biomass
degradation through a series of hydrolysis, dehydration and decarbon-
ylation reactions where water promotes mass and heat transfer [36].
HTC-BC particles, like Slow Pyrolysis Biochar (SP-BC) particles, can
potentially be used in a wide range of applications, from agriculture to
environmental and soil pollution and remediation [18,19,35]. However,
even if for some particular feedstock as sludges the scale-up at the in-
dustrial level is being successfully implemented, challenges remain in
optimising and scale-up of the process for different feedstocks [37]. In
this context, the formulation of sustainable bio-composites using bio-
polymers and naturally occurring additives, offers several potential
environmental benefits such as reducing dependence on fossil resources,
reducing carbon footprint, formulating materials with designed de-
gradability and compostability, etc. Biopolymers with suitable proper-
ties for the formulation of high-performance bio-composites are
polylactic acid (PLA), poly-butylene adipate terephthalate (PBAT),
poly-butylene succinate (PBS), starch-based biopolymers, chitosan,
pectic, etc. It is worth noting that the environmental impact of these
biopolymers depends on the feedstock, production processes and
end-of-life management, and other important issues such as production
scalability, costs and “first-food” principle need to be addressed to
ensure the transition towards sustainable and circular economy [32,37].

Currently, to formulate sustainable bio-composites, biopolymer-
based matrices have been added with different carbon-rich particles
derived from biomasses treated through carbonisation [18,35]. Based on
this, the current work proposed the formulation and characterization of
sustainable bio-composites by melt compounding based on
poly-butylene adipate terephthalate (PBAT) and containing biochar
particles produced by two different thermochemical methods, i.e., slow
pyrolysis (SP) and hydrothermal carbonisation (HTC). Biomass waste,
specifically, carob waste after syrup extraction, was subjected to slow
pyrolysis at three different temperatures, i.e., at 280, 340 and 400 °C to
produce biochar particles (SP-BC), and to hydrothermal carbonisation,
at 220, 250 and 280 °C, to produce hydrochar particles (HTC-BC). The
treatment temperatures were chosen taking into account prior ther-
mogravimetric analysis to determine the maximum rates of mass loss
(not shown here). Production yields at each temperature were analysed
for both slow pyrolysis and hydrothermal carbonisation processes in
terms of gas/oil/solids fractions. Both SP-BC and HTC-BC particles were
subjected to accurate elemental analysis by CHN test, thermogravim-
etry, spectroscopy and morphological analysis. PBAT was then added at
10%wt. to each SP-BC and HTC-BC particles and the resulting formu-
lated sustainable bio-composites were characterised by rheological
analysis, tensile test, dynamic mechanical test and calorimetric analysis.
Particular attention was paid to the durability under accelerated artifi-
cial weathering, considering the potential applications of these
bio-composites in agricultural and packaging sectors.
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2. Experimental part
2.1. Materials

Poly(butylene adipate-co-terephthalate), (PBAT), (commercial Eco-
flex® F Blend C1200, BASF, SE, Ludwigshafen, Germany) is a film grade
with a melt flow rate (MFR) of 2.7-4.9 g/10 min (190 °C, 2.16 kg), a
density in the range of 1.25-1.27 g/cm® and a melting temperature in
the range of 110-120 °C. Biochar particles (SP-BC) were produced from
carob waste (after syrup extraction for candy production) employing
slow pyrolysis for fuel production. The slow pyrolysis process is
described in detail in our previous work [5]. The biochar particles are
named SP-BC280, SP-BC340 and SP-BC400 as a result of pyrolysis at
three different temperatures, i.e. 280, 340 and 400 °C. The choice of
these heat treatment temperatures is linked to the possibility of max-
imising the lignin-cellulose content and preventing total carbonisation
of the carob waste, according to our previous study [5].

Hydrochar particles (HTC-BC) were produced from carob waste
(after syrup extraction for candy production) and used apparatus and
processes are explained in depth in the following sub-paragraph 2.2. The
hydrochar particles are named HTC-BC200, HTC-BC250 and HTC-
BC280 as a result of hydrothermal carbonisation at three different
temperatures, i.e. 220, 250 and 280 °C.

Residual pyrolyzed biochar and residual hydrochar from the two
different thermochemical decompositions, considered in this work, were
ground using a mechanical pestle and mortar for 60 min under the same
process conditions. The diameters of both SP-BC and HTC-BC particles
were ca. 150 + 20 um.

Scheme 1 shows the overall workflow and focus indicating the SP-BC
and HTC-BC particle production, PBAT-based bio-composite production,
durability, and performance characterisation. Further, images of carob
waste feedstock, PBAT, PBAT/SP-BC and PBAT/HTC-BC samples and
microscopy observations of both SP-BC and HCT-BC particles, are
shown.

2.2. Thermochemical treatments of biowaste for the production of char
particles

Carob waste was used as a raw material after the sugar extraction
process to produce carob candy. As mentioned above, the SP-BC was
produced considering three pyrolysis temperatures: 280, 340 and 400
°C, as well as HTC-BC at 220, 250 and 280 °C.

Slow pyrolysis (SP) was carried out as described in the previous
paper [5]. Hydrothermal Carbonisation (HTC) runs were performed
using a 500 mL internal volume, stirred (200 rpm) stainless steel batch
reactor. For each experiment, to achieve a biomass to water ratio (B/M)
of approximately 0.1, the reactor was charged with approximately 38.0
+ + 0.5 g thawed carob waste (approximately 30.0 g feedstock on a dry
basis d.b.) and approximately 300.0 + + 0.5 g deionised water (DW).
After the reactor was filled with the feedstock and DW, it was sealed,
evacuated and purged three times with pure nitrogen to remove residual
traces of oxygen. After purging, the reactor was heated up to the selected
temperature and maintained isothermally for the pre-determined reac-
tion time of 1 h. (The heating step lasted 25-40 min, depending on the
temperature set point.) The reaction temperatures and the correspond-
ing reaction pressures were in the range of 220-280 °C and 20-60 bar,
respectively. At the end of the reaction time, chilled (20 °C) water
flowing through a cooling coil inside the reactor body was used to
rapidly cool the reactor to room temperature. Prior to opening the
reactor, the gaseous phase produced was passed through an outlet valve
into a graduated cylinder filled with water, and its mass was evaluated
using the ideal gas law, assuming atmospheric pressure, a temperature
of 30 °C and CO5, as the only gaseous product. It is well established in the
HTC literature that CO; is the predominant gaseous product (often
above 90 wt%), accompanied by small amounts of CO and light hy-
drocarbons [32]. The solid-liquid reaction mixture was separated using
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Scheme 1. The overall workflow and focus from SP-BC and HTC-BC particle production to PBAT composite durability and performance characterisation.

a vacuum filtration unit and a pre-weighed cellulose filter. The solid
fraction in the filter was washed a few times with DW to remove the
mother liquors, and the solid residue was dried in a ventilated oven at 55
°C until reaching a constant weight.

The hydrochar mass yield (MYyc) and gas mass yield (MYg) were
evaluated through Egs. (1) and (2) respectively, while liquid mass yield
(MYy) was calculated by difference through Eq. (3). Myc and mg are the
mass of hydrochar (d.b.) and gas, collected after the conversion,
respectively and mraw is the mass (d.b.) of the solid starting material.

MYy = myc / Mraw (€D)]
lv'[YG = Mg /mraw (2)
MY, =1 — MYy — MYg 3

The hydrochar energy properties were computed through the energy
yield (EY) and the energy densification ratio (EDR), defined as follows:

HHViyc
EY = - MY, 4
HAV,., HC ()]
HHViyc
EDR =
R HHvraw (5)

where the HHVyc and HHV 4, indicate the HHV values for the hydro-
char and raw feedstock, respectively.

2.3. Characterization of carbon-based particles

Elemental analysis was carried out in a LECO CHN 828 series
Elemental Analyzer to determine carbon (C), hydrogen (H) and nitrogen
(N) contents. A calorimeter LECO AC500 was used to measure the High
Heating Values, HHVs, according to the CEN/TS 14,918 standard. The
microstructure of biochar particles obtained after pyrolysis treatment
was investigated using a scanning electron microscope (SEM, Quanta
200 ESEM, FEIl, Hillsboro, OR, USA). Prior to SEM analysis, biochar
particles were sputtered (Scancoat Six Edwards, Crawley, UK), with a
thin layer of gold under argon atmosphere for 90 s, in order to avoid
electrostatic charging under electron beam. In order to characterize the
carob waste and the resulting biochar and hydrochar, IR spectra were
recorded using a Spectrum One (Perkin Elmer, Shelton, CT, USA) with
eight scans at em ! resolution in the attenuated total reflectance (ATR)

mode in the 4000-450 cm™! range. Measurements were performed on
both carob and the biochars produced at different operating conditions.

2.4. Formulation of PBAT-based bio-composites

Compounding of the bio-composites was carried out using a Bra-
bender mixer at 170 °C with a mixing speed of 50 rpm for 5 min. Prior to
compounding, PBAT, SP-BC and HTC-BC were dried at 60 °C overnight
under vacuum to avoid hydrolysis during compounding. The six
different particles, i.e. SP-BC280, SP-BC340, SP-BC400, HTC-BC200,
HTC-BC250 and HTC-BC280, were added at 10%wt. into the PBAT
matrix. The concentration of 10%wt. was chosen as a result of a good
compromise between reinforcement actions of carbon-based particles
and system morphology, i.e. efficient particles dispersion, also according
to previous works [38,39]. Then the mixture was pelletised. The pure
PBAT was subjected to the same processing conditions to be comparable
with the bio-composites.

After drying for 24 h in a vacuum oven at 60 °C to avoid hydrolysis,
thin films (about 200 pm thick) of pure PBAT and of all the bio-
composites were obtained by compression moulding using a Carver
Laboratory Press at a pressure of 1500 psi for 5 min at 170 °C.

2.5. Characterizations of bio-composites

Rheological tests were performed using a strain-controlled rheom-
eter (ARES G2, TA Instrument, New Castle, DE, USA) in parallel plate
geometry (plate diameter 25 mm). Frequency scans from 1072 to 102
rad/s were performed to measure complex viscosity (n*) and storage (G
and loss (G") moduli at the same processing temperatures. The strain
amplitude was set at 5 %, which was found to be low enough to be in the
linear viscoelastic regime in preliminary experiments with strain
sweeps.

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

The melting enthalpies of all samples were measured by DSC using a
Shimadzu (Japan) DSC-60 instrument at a heating rate of 10 °C/min
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from T ambient to 170 °C, as an average of five measurements. All
samples of similar weight (~7 mg) were subjected to heating/cooling/
heating and the thermal parameters were evaluated on the second
heating scan, erasing the previous thermal history. The PBAT crystal-
linity, yc, was calculated using the equation:

AH,,

=—— ™ %100 (6)
AH]O() - Wp

e

where AH,, is the enthalpy of fusion, AH;qo is the enthalpy of fusion of
100 % crystalline polymer and W,, is the weight fraction of polymer. For
PBAT AHig0=114J g~! [40].

Tensile tests were performed on rectangular specimens using a uni-
versal testing machine (Instron model 3365, UK) according to ASTM
D882. The tests were performed at a tensile speed of 1 mm/min for 1 min
to evaluate the Young’s modulus, and then the speed was increased to 10
mm/min until the specimen broke. Average values were calculated for
elongation at break, EB, modulus of elasticity, E, and tensile strength,
TS.

A dynamic mechanical analyser model DMA +50 (Metravib,
Limonest, France) was used to perform dynamic mechanical thermal
tests (DMTA) in tensile configuration. The test was performed on three
specimens (w x h = 10 mmx30 mm) of each composite from room
temperature to 120 °C. The heating rate was 2 °C/min. For some com-
posites, measuring was stopped before reaching 120 °C. The frequency
was set at 1 Hz, and a prior static displacement of 2 x 10~> m and a prior
dynamic displacement of 10~ m was set.

The gel content of the film samples was determined in accordance
with the standardised ASTM D2765 method A, utilising tetrahydrofuran
(THF) as the solvent [17]. For brevity, the test has been performed on
PBAT/SP-BC280 and PBAT/HTC-BC280, before and after
photo-oxidation treatment. The gel content was calculated using the
following equation:

W, — W, W, — W,
WoExtract = = dxlOO:(l_F)V‘:IXIOO %)
Fo1-F= Total Sample Weight — Fl_ller Weight ®
Total Sample Weight
%Gel Content = 100 — %EXxtract 9

In these equations, Ws represents the weight of the specimen un-
dergoing testing, Wd denotes the weight of the dried gel, f signifies the
polymer fraction, which is defined as the ratio of the weight of the
polymer present in the formulation to the total weight of the formula-
tion, and F is the fraction of filler.

2.6. Photo-oxidation behaviour

All samples were subjected to photo-oxidation again using a Q-UV/se
accelerated weathering tester (Q-Labs Corp., Westlake, OH, USA) with
eight UVB-313 lamps. The samples were exposed at 70 °C to an irradi-
ance of 0.89 W/m? (ata wavelength of A = 313 nm) and monitored every
24 h. ATR-FTIR spectroscopy and tensile test analyses monitored the
progress of photo-oxidation in time of pure PBAT and all the PBAT-based
bio-composites. Besides, the gel content on some films before (0 h) and
after (96 h) the photo-oxidation was evaluated.

3. Results and discussion
3.1. Biochar particles characterization

To obtain biochar particles, the carob waste was subjected to ther-
mochemical treatments through hydrothermal carbonization at three
different temperatures, i.e. 220, 250 and 280 °C, and slow pyrolysis at
three different operative temperatures, i.e. 280, 340 and 400 °C. Fig. 1
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Fig. 1. Product yields at each temperature when carob was treated by hydro-
thermal carbonisation (square symbols) and slow pyrolysis (circle symbols).

reports the products’ yield for the two different thermochemical pro-
cesses. It is worth noting that hydrothermal carbonisation results mainly
in the formation of liquid and solid phases, and the production of the gas
phase is minor at all temperatures considered, also according to the
literature [31]. Therefore, for hydrothermal carbonisation, the data
show that hydrocar mass yields progressively decrease down, with
increasing temperature, to about 47%wt. at 280 °C with a concomitant
increase of the liquid and gas yields being, at 280 °C, about 51 and 2.6%
wt., respectively. The decrease of solid mass yields over 220 °C, in the
presence of sub-critical water, has been related to the complete
decomposition of cellulose and partial decomposition of the lignin
fraction of starting biomass residues [41,42].

The results of the products’ yield for the slow pyrolysis reported in
Fig. 1 highlights that the liquid phase yields increased with increasing
temperature from 17%wt. at 280 °C to 27%wt. at 400 °C, and similar
considerations could be made also for the produced gas fraction. The
solid phase is the dominant fraction, and the mass yields decrease with
increasing temperature from 67%wt. at 280 °C to 48%wt. at 400 °C, also
according to the literature, this is a typical trend for slow biomass py-
rolysis [6,7].

Interestingly, the two thermochemical treatments lead to the for-
mation of solid phases with different yields from the same amount of
biomass residues. In addition, as expected, the yield of the processes
depends on the temperature of the treatment and the presence of water.

To explore the composition of the resulting particles, CHN elemental
analysis was performed on the ground carob waste, SP-BC and HTC-BC
particles, obtained at different temperatures. Table 1 reports the
elemental composition (C, H and N contents) and High Heating Value
(HHV) of the carob waste and resulting biochar.

The results show that the carbon content in SP-BC increases with

Table 1

Elemental Composition and High Heating Values (HHV) of carob waste, SP-BC
(according to previous work [38]) and HTC-BC produced at different
temperatures.

Sample C H N HHV
[%] [%] [%] [MJ/Kg]
Carob Waste 46.94 + + 0.7 1.63 + + 0.04 5.44 £ £ 0.04 17.4
SP-BC 280 65.20 + + 0.2 1.75 + + 0.07 4.29 + + 0.02 23.5
SP-BC 340 68.90 + + 0.3 1.87 + £ 0.09 3.79 + + 0.03 25.1
SP-BC 400 73.10 + £ 0.2 2.09 £ £+ 0.02 3.34 £ £ 0.06 28.6
HTC-BC 220 65.42 + + 0.3 2.21 + 0.02 4.23 + + 0.06 22.7
HTC-BC 250 69.87 + + 0.3 2.23 + + 0.04 4.02 + + 0.07 24.8
HTC-BC 280 72.65 + + 0.3 2.25 + + 0.05 3.91 + + 0.07 26.7
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increasing pyrolysis temperature, also according to the literature [8].
This is due to the carbonisation and thermochemical decomposition of
the biomass that leads to carbon atoms enrichment. Thus, the structures
of cellulose, hemicellulose and lignin are involved in a different resistant
graphitic bond. It is worth emphasising that the enrichment of the
particles with carbon atoms as a function of processing temperatures is
accompanied by almost unchanged trends in hydrogen and nitrogen
contents. The HHV of the solid fractions is the amount of heat released
by the unit mass once it has been burned and the products have returned
to a temperature of 25 °C (including the latent heat of water vapor-
isation). The HHVSs of the SP-BC are 23.5, 25.1 and 28.6 MJ/kg at 280,
340 and 400 °C, respectively, showing, as expected, an increase with the
increase of process temperature. Further, the HHVs of SP-BC are higher
than the HHV of carob waste because of carbon enrichment upon slow
pyrolysis treatment.

In the same way, and as commonly found in the literature, with the
increasing temperature reaction, HTC-BC shows an increase in carbon
content with an almost constant amount of hydrogen and nitrogen when
compared to the starting material. This factor determines the final
quality of biofuel due to the reactivity during combustion and the
reduced possibility of slugging and fouling respectively [34,43]. Also in
this process, the HHV of the HTC-BC increases as the operating tem-
perature increases, up to 27.7 MJ/kg, showing the high potential of
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hydrochar as a biofuel in substitution or a mixture with standard coals.
Elemental analysis confirms that the high heating value of HTC-BC is
mainly driven by the increase in carbon content, which is directly
dependent on the reaction temperature.

Fig. 2 the ATR-FTIR spectra of the carob waste, SP-BC and HTC-BC
obtained at the three different process temperatures are shown. The
ATR-FTIR spectrum of carob waste shows a broad band between 3300
and 3600 cm! due to vop, and the signals of the peaks related to sym-
metric and asymmetric vibration of CH groups, i.e. 2930 and 2850 cm’!.
Additionally, the carob waste shows the two peaks usually attributed to
the presence of carbonyl functions ve—g (1732 cm’!) and unsaturation
Vc—c between 1680 and 1480 em’l.

For the pyrolysis process the broad band between 3300 and 3600
em ™! due to von, decreases significantly for SP-BC280 and even more for
SP-BC340 and SP-BC400, see Fig. 2. The signals of the peaks related to
symmetric and asymmetric vibration of CH group, i.e. 2930 and 2850
cm™ start to disappear, with no comparison for SP-BC340, the temper-
ature at which the maximum degradation rate of hemicellulose occurs,
and are no longer detected SP-BC400, probably due to the complete
degradation of the hemicellulose biomass macro-component in this
sample. Additionally, after the pyrolysis process, the peaks relative to
Vc—0, at the highest temperature disappear, while the peaks relative to
Vc—c between 1680 and 1480 cm’l, reduce in amplitude without

014 ’ Carob Waste |
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Fig. 2. ATR-FTIR spectra of carob waste and corresponding SP-BC [5] and carob waste and corresponding HTC-BC.
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disappearing. This is because lignin degradation occurs at a higher
temperature. Thus, the predominant functional group related to the
hemicellulose structure and part of the lignin structure are lost as the
temperature increases for the pyrolysis process.

About the hydrothermal carbonisation, the resulting ATR-FTIR
spectra of HTC-BC as a function of operative temperature are shown
in Fig. 2. For HTC-BC the broad bands between 3300 and 3600 cm ™! are
preserved showing the presence of residual OH groups on the surface,
probably due to their higher hydrophilicity. For HTC-BC, also the peaks
related to sym and asym vc.y are preserved. The peak relative to vc—o
significantly increases in comparison to carob waste, and the peaks
relative to vc_c, not only do not disappear but increase their amplitude.
Being under decomposition temperature of cellulose, hemicellulose and
lignin, probably the water molecules cause the reorganization of bio-
masses up to formation of larger amount of carbonyl function. Probably
in this way, large number of chemical components present in the
biomass rearrange themself, without any decomposition.

Fig. 3 shows the micrographs of the particles obtained by slow py-
rolysis (a—c) and by hydrothermal carbonisation (d-f). The micrograph
of SP-BC280 shows a typical lignocellulosic structure, whereas the
micrograph of SP-BC400, as the pyrolysis temperature increases, ap-
pears more like a carbonaceous particle, more compact and less porous.
On the other hand, the particles obtained by hydrothermal carbonisation
have a sponge-like morphology, with high irregularity, regardless of the
temperature at which they were obtained.

The SP-BC particles, regardless of the processing temperature, show
an absence of aromatic structures and water molecules, appearing as
lignocellulosic structures and easily recognized as typical fibrous
structures commonly found in this kind of organic substrates, also ac-
cording to the literature [44]. As discussed earlier, the HTC-BC particles
contain higher amounts of aromatic structures and water molecules and
seem much less regular. However, as known, the hydrochars derived
from lignocellulosic biomasses commonly show an increase in surface
area and porosity when compared to the starting raw material due to the
partial release of volatile compounds during the treatments [45,46].
Although the two heat treatments, ie. SP and HTC, result in the
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formation of carbon-rich particles and all of these particles were intro-
duced into the chosen polymer matrix, for the sake of comparison,
studies on the degradative effect were only conducted with particles
produced at the same temperature.

3.2. Bio-composite characterizations

Oscillatory measurements were used to evaluate the rheological
behaviour of all PBAT-based bio-composites in comparison to pure
PBAT. The complex viscosity, storage modulus and loss modulus trends
as a function of frequency for all PBAT-based composites are shown in
Fig. 4a—c, respectively. For neat PBAT, a Newtonian behaviour of the
sample is shown and the addition of 10 wt% BC particles to the PBAT
matrix seems to preserve this behaviour. In addition, a slight increase in
complex viscosity is observed with the addition of SP-BC, which is
slightly pronounced at low frequency. The increases in viscosity from
the addition of SP-BC appear to be minimal and no substantial difference
is detected when considering the addition of particles produced at
different temperatures, i.e. 280, 340 and 400 °C.

As far as biocomposite filled with 10 wt.% HTC-BC is concerned, the
increase in complex viscosity is more pronounced and with HTC-BC
obtained at lower hydrothermal carbonisation temperature (HTC-
BC200) the highest complex viscosity is observed with the appearance of
stress yield behaviour. Further, the trends of storage (G’) and loss (G’’)
moduli, see Fig. 4b-c. The trends of both G’ and G’ moduli, especially at
low frequencies, show a noticeable stress yield behaviour.

However, the presence of SP-BC filler merely causes a vertical shift of
the complex viscosity curve towards higher values, without actually
modifying the rheological behaviour of the PBAT macromolecules. This
behaviour is usually observed in polymer-based composites charac-
terised by a low level of polymer-filler interaction, where the embedded
particles are not able to significantly modify the dynamics of the mac-
romolecules, but the particles exert only reinforcement action [47]. Asa
result, the dispersed SP-BC particles do not induce significant rheolog-
ical change, and the rheological response of the bio-composites is gov-
erned by the rheological behaviour of the matrix.

Fig. 3. SEM morphologies of (a) SP-BC280, (b) SP-BC340 and (c) SP-BC400 (d) HTC-BC200 (e) HTC-BC250 and (f) HTC-BC280.
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Fig. 4. (a) Complex Viscosity (b) Storage Modulus (G’) and (c) Loss Modulus (G**) of pure PBAT and all the PBAT-based bio-composites.

Instead, the presence of HTC-BC causes a limitation in the relaxation
of the macromolecules due to the restriction of chain motions as a result
of the establishment of strong polymer-filler or filler-filler interactions
[48]. In the case of HTC-BC containing bio-composites, it can be
concluded that as the hydrothermal carbonisation temperature de-
creases, a slowing down of the PBAT chain mobility occurs due to some
interactions between the polymer matrix and the embedded fillers.
Moreover, the well pronounced yield stress for the sample
PBAT/HTC-BC220 could be understood considering that at lower hy-
drothermal carbonisation temperatures, the particles contain large
amounts of functional groups, also in accordance with above discussed
analyses, that could promote the filler-polymer interaction, resulting in
a change of rheological behaviour, ie. significant viscosity and both
moduli G” and G’ increases, especially in the low frequency range.

Fig. 5 represents the morphologies of the nitrogen fractures surface
of PBAT/SP-BC and PBAT/HTC-BC bio-composites as a function of
operative temperatures. The morphology of the fractured surface of all
PBAT/SP-BC and PBAT/HTC-BC bio-composites suggests a good matrix-
filler interfacial adhesion in all systems and this can probably be
attributed to the affinity between the PBAT matrix and the fillers.
Further, Fig. 5a shows a large SP-BC280 particle partially covered by
PBAT, confirming that adhesion occurs between these particles and the
matrix. It is noteworthy that the adhesion does not depend on the kind of
employed thermo-degradation processes, and their operative

temperatures.

Fig. 6 shows the DSC thermograms recorded during the second
heating scan for all samples, comparing the PBAT SP-BC and PBAT HTC-
BC composites with virgin PBAT; the resulting main characteristics of
the cooling step and the second heating scan are listed in Table 2.
Regarding the crystallisation temperature during the cooling scan, a
different contribution of the two types of particles was highlighted. In
fact, the addition of SP-BC led to a slight increase in T, as the pyrolysis
temperature increased. On the other hand, the addition of HTC-BC led to
a decrease in T, of 10 °C for SP-BC. For what concerns the melting
temperature during the second heating scan, it highlights a slight in-
crease in presence of SP-BC, that results more pronounced as the in-
crease of pyrolysis temperature at which the particles have been
obtained. Instead, when HTC-BC has been added to the PBAT matrix, Tp,
results almost constant except for PBAT/HTC-BC280 which results
about 4 °C lower than the pristine PBAT. As a result of all these evalu-
ations, it appears that the degree of crystallinity undergoes small but
insignificant changes when SP-BC is added to the matrix, whereas the
addition of HTC BC280 to PBAT resulted in a slight increase (about 2 %)
in crystallinity.

However, as expected, the thermal behaviour, ie. the transition
temperatures Tc and Tm, depends on several factors, such as the het-
erogeneity of the system, the dispersion and distribution of the particles,
and the interaction between the host matrix and the particles, which are
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(d)

significantly influenced by the functional groups presented, etc., and all
this does not allow to identify a clear correlation between the transition
temperature trends and the temperatures considered for the thermal
treatments of the particles.

The mechanical properties of the PBAT-based composites were
evaluated by tensile test and dynamical mechanical analysis. The main
mechanical properties obtained by the tensile test are shown in Table 3.
With increasing and pyrolysis temperature, the tensile values, i.e. E and
TS, increase. As expected, the ductile behaviour of PBAT changes to a
rigid behaviour with the addition of carbonaceous particles. Instead, the
addition of HTC-BC greatly increases the stiffness of the final composites
without the properties actually being affected by the increase in hy-
drothermal carbonisation temperature. It’s worth noting that the effect
of HTC-BC particles on the Young Modulus is in totally agreement with
the trend observed in rheological analysis. Further confirmation of this,
comes also by dynamical mechanical analysis. The storage modulus
curves, E’, of all the composites studied are shown as a function of
temperature in Fig. 7.

The storage modulus at low temperature increases with increasing of
pyrolysis temperature, following the same trend as the modulus of
elasticity. The highest value of E’ is obtained when HTC-BC is added to
the PBAT matrix. Furthermore, E’ decreases with increasing tempera-
ture for all samples. However, the presence of particles influences the
softening temperature of the samples. Again, the trend is not influenced
by the increase in the hydrothermal carbonisation temperature, even if
at 80 °C the E’ for both PBAT SP-BC and PBAT HTC-BC composites are
significantly higher than the E’ values of neat PBAT. It’s worth noting
that over 80 °C neat PBAT becomes rubber, while this change for both
PBAT/SP-BC and PBAT/HTC-BC composites occurs over 100 °C.

3.3. Photo-oxidation behaviour of PBAT-based bio-composites

A Q-UV/SE accelerated weathering tester was used to subject all
films to a photo-oxidation process, and the progress of photo-
degradation in time of all investigated samples was monitored through
ATR-FTIR spectroscopy analysis on the irradiated surface and tensile

()

Fig. 5. SEM, micrographs of (a-c) PBAT/SP-BC 280-340-400 and (d—f) PBAT/HTC-BC 220-250-280 bio-composites as a function of operative temperatures.
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tests, collecting the samples every 24 h. Fig. 8a shows the ATR-FTIR
spectra of pure PBAT at different exposure times and the insets corre-
spond to a zoom on the wavelengths 3700-2700 cm™! and 1850-1550 cm”
! which are critical regions for highlighting the chemical modification
that occurred during the photooxidative degradation. Fig. 8b reports the
main degradation pathways followed by pure PBAT, which occur mainly
by Norrish I and Norrish II reactions, according to the literature [49].

The spectrum of pure PBAT (0 h) shows different typical absorbance
bands that are (i) broad band between 3700 and 3100 cm’! assigned to
the -OH vibrations; (ii) peaks at 2857 and 2874 em’? recognizable to the
symmetric and antisymmetric CH; stretching; (iii) strong peak at 1710
em™ related to the symmetric stretching vibration of carbonyl groups,
more specifically aliphatic C=0 [50]; (iv) sharp peak at 720 cm™ rep-
resenting the CH, groups; (v) peaks around 1275-1250 cm™ due to the
C-O bond in the ester linkage [51,52]. Therefore, as expected, all these
signals are significantly affected by the occurrence of the
photo-oxidation phenomena, changing their intensity (i.e. height and/or
width of the peaks) as a function of the exposure time. In

Fig. 8a, the photodegradation process of pure PBAT has been shown
by means of recorded spectra and a significant reduction and broadening
of the peak at 1710 cm’}, relative to symmetric stretching vibration of
C=0, is noticeable . In fact, according to the literature [49], the left
shoulder (1790-1750 cm™}) suggests the formation of free C=0 and the
right shoulder (1630-1590 cm'l) represents the formation of a lower
molecular weight ester. However, the degradation phenomena of pure
PBAT occur mainly by the chain scissions following the Norrish I and II
reactions, as schematically reported in Fig. 8b [49].

Therefore, according to the literature, the decrease/ disappearance
of the peak at 1710 cm™! can be related to the biodegradation (bio-
erosion) of PBAT films by burial in soil [50] or PBAT modification and
functionalisation [53]. Furthermore, an interesting computational study
on the mechanism of CO; production during photo-oxidative degrada-
tion of PBAT showed the differences between the PBA and PBT segments
considering oxygen-free and oxygen-rich conditions. However, the re-
sults show that UV radiation promotes the decarboxylation of the PBT
segment as well as the oxidation and decomposition of the PBA segment



N.Tz. Dintcheva et al.

Polymer Degradation and Stability 234 (2025) 111224

. — PBATneat

| — PBAT HTC-BC250 |

| — PBAT HTC-BC280 |

PBAT SP-BC280 ‘

— — PBAT SP-BC400

T T T T | T T T T ] T T T T | T

40 60 80 100

120 140 160

Temperature (°C)

Fig. 6. Second heating scan of neat PBAT and all PBAT-based bio-composite filled with pyrolyzed and hydrothermal carbonised biomass.

Table 2

Main thermal properties collected during the cooling scan and the second heating scan and calculated crystalline degree for all investigated samples.
Sample AH, Te Te, onset Te, offset AHp, T T, onset T, offset X

[J/gr] [°C] [°C] [°C] [J/gr] [°C] [°C] [°C] [%]

PBAT —22.4 92.0 104.0 85.6 12.9 125.7 113.8 134.7 11.3
PBAT/SP-BC280 -19.3 93.1 103.1 86.1 10.7 124.1 107.2 136.8 10.4
PBAT/SP-BC340 —20.0 94.2 104.7 86.5 11.7 126.0 112.4 140.0 11.4
PBAT/SP-BC400 -17.5 94.5 103.8 88.0 12.7 127.2 112.9 141.6 12.4
PBAT/HTC-BC220 -19.3 92.4 101.9 84.4 11.6 125.0 1149 139.1 11.3
PBAT/HTC-BC250 —15.2 90.5 99.9 83.6 9.8 126.8 113.5 137.6 9.5
PBAT/HTC-BC280 —20.3 82.0 91.0 76.1 14.0 121.3 109.6 140.5 13.6

with a synergy between UV radiation and oxygen [54]. The paper
summarises that under oxygen-rich and UV conditions, there is no dif-
ference in the progress of degradation phenomena between PBA and
PBT segments. The main differences in degradation pathways between
the PBA and PBT segments are observed when UV exposure is performed
under oxygen-free conditions.It seems that both SP-BC and HTC-BC have
a pronounced effect not only on PBAT’s strength and rheology, but also
on its resistance to photo-oxidation. Specifically, all ATR-FTIR spectra of
pure PBAT, PBAT/SP-BC (at 280, 340, 400 °C) and PBAT/HTC-BC (at
220, 250, 280 °C) films are reposted as supplementary figures (see

Figs. S1-S7), and in Figs. 9 and 10, the peak at 1710 cm™ and bands
between 3700 and 2800 cm'! of all the investigated samples are shown,
respectively.

Firstly, when comparing the spectra of the bio-composites with pure
PBAT, no significant peak shifts are visible, indicating that there are no
chemical reactions between the particles and the matrix as a result of
processing. Indeed, in the spectra of the bio-composites, the same typical
bands of PBAT are found and all these signals tend to change their in-
tensity as a function of UVB irradiation time, highlighting that photo-
degradation of the PBAT matrix is taking place. Interestingly, it seems
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Table 3
Young Modulus (E), Tensile Strength (TS) and Elongation at Break (EB) of neat
PBAT and PBAT-based composites.

Samples Young Modulus  Tensile Strength ~ Elongation at Break
[MPa] [MPa] [%]
PBAT 41.35 + 0.58 9.35 + 0.48 562.40 + 152.6
PBAT/SP-BC280 50.09 + 3.65 3.00 £ 0.72 16.08 + 4.35
PBAT/SP-BC340 52.24 + 4.17 4.08 £ 0.22 22.11 + 2.16
PBAT/SP-BC400 65.05 + 6.03 6.12 £ 0.76 31.10 + 5.50
PBAT/HTC-BC220 83.23 + 3.66 6.35 + 0.68 22.57 + 4.36
PBAT/HTC-BCC250  75.13 + 4.55 6.88 + 0.67 40.08 +£12.33
PBAT/HTC-BC280 81.61 + 3.20 7.72 £ 0.68 40.91 + 8.68
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Fig. 7. Storage modulus (E’) as a function of temperature of pure PBAT and all
the PBAT-based bio-composites.

that the presence of both SP-BC and HTC-BC particles causes a less
pronounced decrease in the peak at 1710 em?! compared to pure PBAT,
and this is even more pronounced in the case of HTC-BC, see Fig. 9a—f.
The formation of lateral shoulders (on the left and right) with respect to
the central peak at 1710 cm™ appears to be less pronounced in the
presence of SP-BC, compared to pure PBAT, and slightly more pro-
nounced in the case of HTC-BC, although the latter may be due to the
fact that the peak at 1710 cm™ is not significantly reduced for the PBAT/
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HTC-BC bio-composites.

Fig. 10a-g shows the broad bands due to the presence of hydroxyl
functionalities and CH, symmetric and asymmetric vibrations. PBAT
shows a slight increase of the hydroxyl functionalities in the first stage of
exposure (i.e. 0-24 h) and then gradual reduction, up to disappearance,
of these functionalities, see Fig. 10a. Further, the peaks assigned to the
CH; symmetric and asymmetric vibrations disappear upon 96 h of UBV
exposure in the spectrum of pure PBAT. Worth noting that PBAT SP-BC
show a reduction in the content of hydroxyl groups, comparable to that
of PBAT, but much less reduction in peaks due to CHy symmetric and
asymmetric vibrations. Very interesting is the result obtained for the
samples PBAT HTC-BC, a higher amplitude increases of broad peaks
between 3700 and 3000 cm™ is observed. In fact, the formation of free
OH at 3620 cm’}, hydrogen bonded OH at 3530 cm’!, free OOH (or
peroxide) at 3440 cm™ and the broad peak at 3370 cm™ are indicative of
a photooxidative reaction [49]. This is due to the autocatalytic reaction,
or the carboxyl terminal groups from the Norrish II reaction. Further, for
the samples PBAT/HTC-BC, almost unchanged peaks due to CHy sym-
metric and asymmetric vibrations as a function of UVB exposure. Be-
sides, the appearance of peaks/shoulders at 3410 and 3440 cm™! due to
autocatalytic photo-oxidation reactions can be related to the occurrence
of Norrish II reaction, which leads to the formation of free OOH and/or
peroxide.

To sum up, all these results suggest that the presence of both types of
particles, i.e., SP-BC and HTC-SP, have a protective effect by causing less
cleavage of PBAT chains in bio-composites, compared to pure PBAT.

Another key parameter in assessing the photooxidation behaviour of
a polymer biocomposite is to monitor the tensile properties as a function
of photooxidation time.

Fig. 11 shows the dimensionless elongation at break and Young’s
modulus of pure PBAT, PBAT SP-BC and PBAT HTC-BC, obtained as the
ratio between the values as a function of time and the value at time zero,
before exposure to photooxidation.

Fig. 11a shows the dimensionless elongation at break as a function of
exposure time, and this property is the main parameter normally
affected by the structural and morphological changes of the polymers
caused by photooxidation [55]. This graph also highlights the half time
of elongation at break, a parameter evaluated as the time at which the
elongation at break is half of the initial elongation. This time is
considered to be the maximum time the film can be used. For pure PBAT,
the half time is 17 h, whereas for PBAT SP-BC composites, the half time
is reached at 72 h only if the added particles are those obtained at the
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Fig. 11. (a,b) Dimensionless Elongation at Break and (c,d) Dimensionless Young Modulus of pure PBAT, PBAT/SP-BC 280-340-400 and PBAT/HTC-BC 220-250-280

as a function of photo-oxidation time.

highest pyrolysis temperature. On the contrary, for PBAT HTC-BC, the
maximum time of monitoring is never reached for all the composites up
to 72 h. Thus, both BC particles increase the photo-oxidation resistance
of PBAT, with particular efficiency of the HTC-BC particles.

As shown in Fig. 11 the Young’s modulus of pure PBAT, increases
with increasing photooxidation time, as observed for semi-crystalline
polymers. In the case of virgin PBAT, the increase is due to cross-
linking phenomena occurring as a result of chain reactions triggered by
the presence of radical oxygen. Finally, materials with ductile behaviour
are involved in the brittle behaviour. In the presence of both SP-BC and

Table 4

HTC-BC, this behaviour is globally retarded.

To facilitate the understanding of the changes that occur in neat
PBAT and PBAT-based bio-composites upon photooxidation exposure,
the values of Young’s modulus, tensile strength and elongation at break
at different exposure times are given in Table 4. It is clear that the pure
PBAT shows ductile behaviour before exposure and becomes brittle after
72 h UVB exposure. The PBAT/HTC-BC and PBAT/SP-BC samples show
a brittle behaviour due to the presence of both SP-BC and HTC-BC, more
pronounced for the SP-BC particles. It appears that photooxidation
exposure has a limited effect on the mechanical behaviour of the

Young Modulus (E), Tensile Strength (TS) and Elongation at Break (EB) of neat PBAT and PBAT-based bio-composites at different photooxidation times.

Young Modulus [MPa]

Tensile Strenght [MPa]

Elongation at Break [%]

Oh 24h 48h 72h Oh 24h 48h 72h Oh 24h 48h 72h
PBAT 41.35 40.38 50.39 60.87 9.35 10.71 11.62 16.42 562.4 82.33 56.72 34.72
PBAT SP-BC280 50.09 53.52 56.87 58.66 3.00 3.73 3.83 3.91 16.44 12.36 14.28 13.45
PBAT SP-BC340 52.24 52.35 57.66 58.25 4.08 4.72 4.90 5.13 22.34 15.92 16.44 13.60
PBAT SP-BC400 65.05 57.49 59.71 62.5 6.12 7.00 7.22 7.52 31.34 21.81 17.61 15.41
PBAT HTC-BC220 83.23 72.56 82.78 93.69 6.35 5.52 6.34 7.15 22.57 21.62 24.94 23.36
PBAT HTC-BC250 75.13 67.84 81.90 82.936 6.88 6.24 7.52 7.62 40.08 44.39 45.91 42.82
PBAT HTC-BC280 81.61 69.50 76.21 87.32 7.72 7.02 7.63 8.71 40.91 42.45 41.97 39.49
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composites. Furthermore, Fig. 12 shows images of PBAT, PBAT/SP-
BC280 and PBAT-HTC-BC280 films exposed to photooxidation and
used for the tensile test analysis.

In order to better understand the behaviour of PBAT and PBAT-based
bio-composites, solvent extraction was performed and the gel content
(insoluble fraction) was evaluated. Before exposure to photooxidation (0
h), pure PBAT and all PBAT-based composites are soluble, indicating the
absence of crosslinked structures. At the maximum exposure time (96 h),
the samples studied show the presence of insoluble fractions and Fig. 13
shows the gel contents obtained for pure PBAT, PBAT/SP-BC and PBAT/
HTC-BC bio-composites, according to the measurement and calculation
reported in the experimental part. Pure PBAT shows a high gel content,
approximately 51.8 %, as a natural evolution of the numerous radicals
formed under UVB exposure. The presence of SP-BC in PBAT seems to
reduce the gel content in the bio-composites, which also shows a slight
dependence on the particle production temperatures. Specifically, as the
particle production temperature increases, ie. for particles containing
more carbon atoms, the gel content decreases for both SP-BC and HTC-
BC, although much more so for SP-BC particles. Interestingly, the pres-
ence of HTC-BC leads to the formation of significantly low gel contents, a
low order of magnitude, suggesting that the presence of these particles
with multiple functional surface groups interacts with PBAT and pre-
vents the formation of cross-linked structures during photo-oxidation.

4. Conclusions

The carob waste was subjected to two different thermochemical
treatments, i.e. slow pyrolysis (SP) and hydrothermal carbonisation
(HTC), at different temperatures to produce sustainable carbon-based
particles. The SP-BC and HTC-BC were then added to PBAT at 10 % by
weight by melt blending to formulate sustainable composite films.

The characterisation of SP-BC and HTC-BC particles by elemental
analysis (e.g CHN test), spectroscopic analysis (ATR-FTIR) and
morphological observations was carried out and the results suggest that
both BC particles are mainly composed of carbon atoms which increase
with increasing treatment temperatures, while showing low changes in
hydrogen and nitrogen concentration. However, the HTC treatment
leads to the production of biochar particles retaining oxygenated func-
tional groups, as shown by the spectroscopic analysis. SEM observations
of the particle surfaces show that the SP-BC have a more carbonaceous
appearance, whereas the HTC-BC have a sponge-like morphology.

The rheological and mechanical characterisations of PBAT-based
composites suggest that both SP-BC and HTC-BC exert a reinforcing ef-
fect on PBAT and that the polymer-filler and filler-filler interactions are
more pronounced for PBAT/HTC-BC than for PBAT/SP-BC. Further-
more, the presence of both SP-BC and HTC-BC has no significantly
pronounced effect on the crystallinity of PBAT.

As demonstrated, upon UVB exposure and oxygen-rich conditions,
the pure PBAT shows a rapid loss of mechanical performance, becoming
less ductile and hardening, and formation of high gel content, approxi-
mately 51.8 %, as a natural evolution of the numerous radicals formed
under UVB exposure. Interestingly, both SP-BC and HTC-BC can slow
down the photo-oxidative degradation of PBAT, thus providing protec-
tion to PBAT films, although the best results were obtained using HTC-
BC. Specifically, the presence of HTC-BC leads to the maintenance of
mechanical performance over the ageing period considered and the
formation of significantly low gel contents, suggesting that the presence
of these particles with multiple functional surface groups incentives the
interactions with PBAT, preventing the formation of cross-linked
structures during photo-oxidation.
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