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Abstract

The present work reports on the preparation and subsequent mechanical, mor-

phological and thermal characterization of composites based on poly(butylene

adipate terephthalate) (PBAT), reinforced with micro-particles of inorganic

bioabsorbable calcium-phosphate glass (CPG) at different contents up to 40 wt

%. The PBAT-CPG composites were prepared by solvent casting. The resulting

composite pellets were used for the injection molding of model 1BA speci-

mens, according to standard UNI EN ISO 527. PBAT-CPG composites dis-

played an effective increase of the Young's modulus (E) up to 82% compared to

the pristine polymer, while showing a reduction of the yield stress (σy) up to

20%, of the stress at break (σB) up to 46%, of the strain at break (εB) up to 57%

and of the toughness (T) up to 72%. The values of E, σy and σB were also com-

pared and validated with theoretical values calculated using Kerner's and

Pukanszky's models. Scanning electron microscopy (SEM) images display

homogeneous dispersion and distribution of the filler particles in the polymer

matrix with no aggregates or phase separation that would cause a deterioration

of the material properties. Infrared (IR) spectroscopy did not show structural

variations of the polymer matrix due to the CPG presence. The oxygen perme-

ability in PBAT-based samples assumes significantly lower values when

benchmarked with the permeability of low-density polyethylene (LDPE).

Among the different composites, a decrease in oxygen permeability is observed

as the CPG concentration increases. Regarding water vapor permeability,

PBAT-based samples show a lower barrier effect than polyethylene (PE): in

particular, permeability to water vapor assumes an increasing trend as the

quantity of filler increases. The tuneable degradation of the final composite

materials was defined by the disintegration degree (DD) determination under

composting conditions in a laboratory-scale reactor. The developed materials

prove to be valid biodegradable and eco-friendly alternatives to traditional
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thermoplastic polymers, such as LDPE, and can be applied in many fields,

especially in package and mulch film applications.

KEYWORD S

biopolymers and renewable polymers, composites, mechanical properties, microscopy,
thermoplastics

1 | INTRODUCTION

Plastic materials have been used for decades in the pack-
aging sector and beyond, thanks to their good mechanical
properties, such as stiffness, lightness, barrier properties
and not least their low cost. In fact, they constitute the
second category of materials most used in the packaging
sector, preceded by cellulosic materials.1 Together, the
plastic raw materials producers, plastics converters, plas-
tics recyclers, and machinery manufacturers, represent a
value-chain that employs over 1.5 million people in
Europe, through more than 55,000 companies, most of
them small medium enterprises (SMEs), operating in all
European countries. In 2019, these companies created a
turnover of over 350 billion euros and contributed to
more than 30 billion euros to European public finances.2

The demand and global production of plastics are con-
stantly increasing, despite the growth curve is slightly
flattening: in 2019, the world production of plastics was
368 million tons, nine more than the previous year
corresponding to an increase of 2.5%.2 Of the total pro-
duction in 2019, 57.9 million tons constitute European
production, corresponding to 16% of the world total. In
2019, the demand from European plastic converters was
51.2 million tons, of which about 40% went to packaging
market and with higher demand for polypropylene (PP),
LDPE, high-density polyethylene (HDPE) equal to 19.4,
17.4 and 12.4%, respectively.3 The negative side of plastic
commodities is represented by their fossil origin, a non-
renewable source, and often also by their end-of-life, if
not properly disposed and recycled. Frequently for food
packaging, in order to optimize the preservation of the
organoleptic food characteristics, multi-material packag-
ing solutions are used, the recycling of which is not cost-
effective and sustainable. Generally, for these kinds of
plastic materials the energy valorization or the landfill
disposal is adopted. Packaging, and not only food packag-
ing, represents most of post-consumer plastic waste,
approximately 63% in 2015.4

Furthermore, a serious problem remains the plastic
waste dispersion in the environment, causing the death
of fauna and the creation of large plastic islands in the
sea, due to the accumulation of waste (called “plastic lit-
ter”) transported by sea currents. In the European Union,

up to 85% of marine litter found on beaches is made up
of plastic: disposable plastic objects represent 50% of the
total. The most commonly found waste included con-
tainers and lids for food and beverages and filters for
tobacco products.5 Furthermore, the fragmentation of
materials causes the formation of non-biodegradable
microplastics that pollute the water and the soil, with the
possibility of going up the food chain starting from
microorganisms. The presence of microplastics has
already been reported in seafood, salt, honey, beer and
even in drinking water.5

Although significant efforts are being made to reduce
plastic components, it is currently hard to decrease the
use of plastics, particularly in specific sectors, such as
packaging, where no other materials are able to compete
in terms of flexibility, cost and performance. Therefore,
in order to find more sustainable alternatives to fossil-
based plastic products, attention can be turned to the
constantly expanding bioplastics sector. Bioplastics offer
a series of advantages for environmental conservation
and sustainability, thanks to their harmless effects on the
environment and the circularity in the production sys-
tem.6 The term “bioplastics” refers to polymers which are
bio-based (from renewable sources but not necessarily
biodegradable), biodegradable (also with fossil origin), or
have both characteristics (from renewable resources and
biodegradable).7

PBAT belongs to the second subset of bioplastic mate-
rials. Indeed, PBAT is a synthetic polymer of the ali-
phatic-aromatic co-polyesters family, fossil-based but
completely biodegradable. It is obtained through a poly-
condensation reaction of butanediol (BDO), adipic acid
(AA) and terephthalic acid (PTA).8

Even if oil-based, experimental evidence shows the
possibility to obtain PBAT monomers from renewable
sources, making this polymer even more interesting in
terms of environmental sustainability.9–11 Thanks to its
full biodegradability, PBAT is expected to undergo com-
plete biodegradation in soil over a period of 6 weeks at
25 �C in the dark12,13 unlike polylactic acid (PLA), where
industrial fermentation conditions (60 �C) are required
for its biodegration.14

PBAT is a flexible material with mechanical proper-
ties similar to LDPE.15 Therefore, PBAT can be melt-

2 of 18 SCIANCALEPORE ET AL.



processed on standard polyolefin equipment and it can
be mainly used in film applications like organic waste
bags, mulch films, shopping bags, and cling films, which
today are almost the exclusive prerogative of traditional
non-biodegradable commodity polymers.13

Due to its peculiar properties and its complete biode-
gradability, as well as to a clear trend to renewable raw
materials, PBAT can be used as an “enabler” for renew-
able and sustainable biopolymers and biocomposites.
However, biodegradable polymers have defined property
profiles, which limit their application range to some
extent. If the market demands biodegradable polymer-
based solutions in a circular and eco-sustainable eco-
nomic approach, a composite can be developed using a
combination of rigid fillers and soft biodegradable syn-
thetic polymers, with a precise properties adjustment to
the application requirements. In fact, the addition of rigid
fillers is a useful way to enhance the final performance of
polymers, reducing the overall material cost and ensuring
the total biodegradability of the material. The reinforce-
ment of flexible polymer matrices such as PBAT has the
purpose to expand its application field especially in the
food and agricultural packaging sector,8 thanks to the
similarity of PBAT properties with PE,16 as an eco-
friendly alternative to traditional oil-based polymers, very
often not properly recycled or discarded.

Usually, biocomposites are fabricated by three main
methods: in-situ polymerization, melt mixing and solvent
casting. Materials prepared by solvent casting show opti-
mized properties, since the liquid environment provides
the two phases with the most favorable conditions to mix
homogeneously and to maximize possible interactions at
the interface.17

The preparation of PBAT-based composites has been
reported by several research groups using mainly different
natural fillers,18 such as cellulose micro/nanocrystals,19–21

montmorillonites,22,23 natural fibers,24–26 coffee gro-
unds,27 flax shive28 and pine resin derivates.29 The use of
ceramic fillers, such as silica30,31 or zinc32 and magnesium
oxide33 nanoparticles, which do not guarantee the com-
posite degradability, is less frequent. In particular, this
work aims to prepare and characterize PBAT-based com-
posites, using for the first time bioabsorbable calcium-
phosphate glass (CPG) as reinforcing ceramic parti-
cles.34,35 CPG is distinguished from traditional glass as its
structure is based on phosphate (PO3�

4 ) instead of silicate
(SiO4�

4 ) tetrahedra. CPG exhibits the important character-
istic of complete biodegradability and solubility in aque-
ous media which can be modified by varying the glass
composition,36 thus ensuring the complete and tuneable
degradability of the final composite material, while pre-
serving a considerable mechanical reinforcement due to
the high elastic modulus typical of ceramic materials.

The main techniques used to monitor the biodegrada-
tion process of bioplastic materials under aerobic and
anaerobic conditions are mainly based on four methods
of degradation analysis: CO2 measurements, spectros-
copy, visual analysis and mass loss methodologies.37

To test the biodegradation of biocomposites under
aerobic composting conditions, the International Stan-
dard ISO 20200 was used, by means of the disintegration
degree (DD) determination during composting in a labo-
ratory-scale reactor. The measurement of experimental
mass loss, due to the pieces extracted from samples dur-
ing the testing period, is considered as an index of degra-
dation and allows to follow the degradation process by
assessing the DD, generally measured in aerobic condi-
tions by the percentage of particles which are retained on
a sieve of 2 mm. In order to compare the biocomposite
behavior with the traditional plastic response to aerobic
composting, a sample of LDPE was tested under the same
conditions and environment.

A solvent casting manufacturing process was studied
and developed, leading to the preparation of bio-
composite materials, in the form of pellets, with different
filler concentrations, at 0, 2, 4, 10, 20 and 40 wt%, respec-
tively. The present work is to be considered as part of a
feasibility and research step, prelude to a future phase
that will involve the preparation of composite materials
with more eco-friendly and industrially scalable technol-
ogies such as twin-screw extrusion, which in no way
involves the use of solvents. Biocomposite pellets were
further processed by injection molding to produce stan-
dard size specimens, subsequently used for mechanical,
microstructural and functional characterizations. The
obtained results suggest that CPG-filled PBAT-based
composites represent a valid biodegradable substitute for
traditional thermoplastic polymer materials with poten-
tial application especially in the agri-food packaging
sector.

2 | MATERIALS AND METHODS

2.1 | Masterbatch preparation

PBAT was purchased from MAgMa Spa (Italy) as gran-
ules with a diameter of about 3 mm. The chemical–physi-
cal characteristics of the polymer are reported in Table 1.

The biodegradable CPG powder, with composition 50
P2O5–10 CaO–23 MgO–11.5 Na2O–2.5 B2O3–3 SiO2 (in
mol%), was prepared by the traditional melt-quenching
route as described in a previous work.35 Briefly, a blend
of oxides and carbonates was weighed and mixed within
a dry box and the batched chemicals were melted in an
alumina crucible at a temperature of 1200 �C under
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controlled atmosphere. After 1 h, the melt was quenched
onto a cold aluminium plate and the resulting glass frag-
ments were first ground into powder by an overnight
ball-milling process (Pulverisette 0, Fritsch, Idar-
Oberstein, Germany) and then sifted (stainless steel sieve,
Giuliani Technology Srl, Turin, Italy) in order to get a
final particle size below 45 μm.

The preparation of the PBAT-CPG composites was
carried out by a solvent casting approach, using chloro-
form (CHCl3—Sigma-Aldrich) as suitable solvent. To
obtain the composite materials, the main steps were the
dissolution of the polymer in the solvent and the disper-
sion of the filler particles in the polymer solution,
followed by CHCl3 evaporation with the formation of
solid films, and pellets production. The polymer solution
with the dispersed CPG particles in CHCl3 was casted
onto a non-stick surface and spread with a spatula to
reduce the thickness and facilitate the evaporation of the
solvent. After 12 h under an extractor hood, the films
were manually reduced to pellets. Finally, the pellets

were heat-treated at 80 �C up to a constant weight. The
weight fraction of the CPG fillers varied from 0 to 40 wt%,
thus obtaining composites at different filler concentra-
tions, in order to evaluate the variation in the material
properties as a function of the CPG content.

The resulting pellets were used for the injection mold-
ing of dumbbell specimens, model 1BA, according to
UNI EN ISO 527 standard for tensile characterization. A
MegaTech H7/18-1 machine (Tecnica Duebi, Italy) was
employed for the injection molding process.

The process parameters, set for the specimen mold-
ing, are summarized in Table 2.

The obtained samples, containing respectively 0 (pure
PBAT), 2, 4, 10, 20, 40 wt% of CPG, are named as PBAT,
PBAT+2% CPG, PBAT+4% CPG, PBAT+10% CPG,
PBAT+20% CPG, PBAT+40% CPG.

2.2 | Tensile test

The uniaxial tensile tests were performed with a TesT
dynamometer (Model 112, TesT GMBH Universal Testing
Machine, Germany). Measurements were carried out at a
constant tensile speed of 100 mm/min until the sample
broke. E, σy, σB, εB and T were expressed as average
values on at least seven different acquisitions for each
composite material.

Further tensile tests were also conducted for the
determination of PBAT Poisson's ratio, obtained by
means of a digital image correlation (DIC) technique.
Tests were carried out at a constant tensile speed of
5 mm/min and pictures of the specimen portion were
taken using a 5 MPx Dinolite digital camera (Almere,
The Netherlands), approximately every 0.01 mm/mm of
elongation (Figure 1).

The images were then processed using the DICe
open-source software [Turner, D.Z. Digital Image Corre-
lation Engine (DICe) Reference Manual, Sandia Report,
SAND2015-10606 O, 2015] and correlation results were
examined with ParaView visualization software.38

The distance between two points aligned to the load-
ing direction (LX) and the distance between two points
orthogonally aligned to the load direction (LY) were mon-
itored, and the value of longitudinal (εX) and transversal
(εY) strains were computed as follows: εX ¼ LXi

LXi�LX0
and

εY ¼ LYi
LYi�LY0

, where the subscript “0” refers to the initial
distance and the subscript “i” refers to the actual distance
during the test.

Finally, the Poisson's ratio was computed as the slope
of the best fit linear regression of the plot -εY versus εX,
considering data until a longitudinal strain approxi-
mately equal to 0.08 mm/mm was reached (Figure 2).
This procedure was repeated for three specimens and the

TABLE 1 PBAT characteristics from the technical data sheet

Property Unit Value

Melt flow rate g/10 min ≤5

Density g/cm3 1.26

Tensile strength MPa ≥17

Melting temperature �C 110–120

Elongation at break % ≥600

Vicat softening temperature �C 89

Abbreviation: PBAT, poly(butylene adipate terephthalate).

TABLE 2 Injection molding process settings

Temperature

Under hopper temperature 80 �C

Plasticizing screw and barrel temperature 130 �C

Accumulation room temperature 135 �C

Nozzle temperature 130 �C

Mold temperature 15 �C

Injection

Injection rate 55 mm/s

Injection pressure 120 bar

Shot size 27 cm3

Plasticizing screw rotation speed 50 rpm

Maintenance after injection

Maintenance pressure 60 bar

Maintenance time 5 s
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resulting average value of the Poisson's ratio was
0.46 ± 0.01.

2.3 | Composite modeling

In order to compare the experimental mechanical behav-
ior of composites with theoretical models, the Kerner's
equation, as proposed by Lewis and Nielsen,39 was used
to predict E values, while Pukanszky's equations were
applied to obtain information about filler-matrix interac-
tion starting from σy and σB experimental quantities.40,41

Both models consider the properties of a composite mate-
rial as a function of the filler volumetric fraction.

The generalized Kerner's equation (Equation 1) was
used in the form:

E0 ¼E0
1
1þAC

1�Cψϕ2
, ð1Þ

where E0,E0
1 are respectively the Young's moduli of com-

posite and unfilled polymer, ϕ2 ¼
gp
ρp

gp
ρp
þgm

ρm

is the filler volume

fraction (ρp and ρm are respectively the filler and matrix

densities, experimentally determined), and A, C and ψ
are parameters defined as follows:

A¼ 7�5υ
8�10υ

, ð2Þ

where ν is the Poisson's ratio of the polymer matrix,

C¼
Ep

Em
�1

Ep

Em
þA

, ð3Þ

where Ep and Em represent experimental values of E for
CPG and PBAT, respectively,

ψ ¼ 1þ1�ϕm

ϕ2
m

�ϕ2, ð4Þ

where ϕm is the maximum packing fraction of the filler
(0.632 for randomly close packed non-agglomerated
spherical particles42).

Values of material parameters, used in Kerner's equa-
tion, are summarized in Table 3.

The experimental values of E were reported on a plot
as a function of the volumetric fraction of filler and com-
pared with the theoretical values E' deriving from
Equation (1).

Composite σy was modeled by Pukanszky's
equation:41

σy ¼ σy0
1�ϕf

1þ2:5ϕf
exp B�ϕfð Þ, ð5Þ

where ϕf is the CPG volumetric fraction, σy and σy0 are
the experimental yield stresses of the composite and of
the matrix, respectively, and B is an empirical parameter
characterizing the degree of filler-matrix interaction. The
value of the parameter B depends on all the factors
influencing the load-bearing capacity, i.e., strength and

0
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m
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Lineare (Serie1)
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Fitting line 

FIGURE 2 Example of the Poisson's ratio estimation from the

longitudinal (εX) and transversal (εY) strains

TABLE 3 Values of material parameters, used in Kerner's

equation

Parameter Value Determination method

Em 101.87 MPa Experimental by tensile test

Ep 53.1 GPa Experimental in34

ρm 1.26 g/cm3 Tabulated in PBAT data sheet

ρp 2.59 g/cm3 Experimental in34

ν 0.46 Experimental by DIC technique

ϕm 0.632 Tabulated in42

Abbreviations: DIC, digital image correlation; PBAT, poly(butylene adipate
terephthalate).

LX

LY

LoadLoad

FIGURE 1 Example of the picture and of the procedure used

for the PBAT Poisson's ratio estimation [Color figure can be viewed

at wileyonlinelibrary.com]
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size of the interface. B generally assumes values between
2 and 15 for polymer-based micro- and nano-
composites.41,43,44

Equation (5) was linearized in semi-logarithmic form
as follows:

logσy,rel ¼ log
σy 1þ2:5ϕfð Þ
σy0 1�ϕfð Þ

� �
¼B�ϕf : ð6Þ

The obtained values of relative yield stress, σy,rel, were
reported as a function of the CPG volume fraction and B
value was acquired as the slope of the fitting line.

Using the B value calculated for the yield stress, the
modified Pukanszky's model was used for modeling the
stress at break:

σB,T ¼ σB,T0relλ
n 1�ϕf

1þ2:5ϕf
exp Bϕfð Þ, ð7Þ

where σB,T is the true tensile strength at break of the
composite (σB,T = σ � λ, with λ = L/L0 the relative elon-
gation, L the elongation measured during the tensile test
and L0 the initial length of the specimen) and accounts
for the change in specimen cross-section, σB,T0rel ¼ σB,T0

λn is
the relative true value of the PBAT stress at break
(σB,T0 ¼ σ0�λ), λn is the correction factor for strain hard-
ening and n is a constant which characterizes the strain
hardening tendency of the polymer and was experimen-
tally determined from matrix properties.45

Rearranging and linearizing Equation (7), the
reduced stress at break, σB,T red, can be represented as a
function of CPG ϕf :

log σB,T redð Þ¼Bϕf , ð8Þ

where σB,T red ¼ σB,T 1þ2:5ϕfð Þ
λnσB,T0rel 1�ϕfð Þ ¼ exp Bϕfð Þ.

2.4 | Particle size analysis

The particle size analysis of the CPG particles was carried
out using a Mastersizer 3000 laser granulometer (Malvern
Instruments Ltd., Malvern, UK), in wet mode with water
as dispersing medium, using Mie's theory as scattering
model. The CPG particles were dispersed in water by
means of the stirring system of the wet dispersion unit
(Hydro EV) at a speed of 2700 rpm. The dispersion was
stable throughout the measurement period required to
acquire approximately 30 replicates. The dimensional dis-
tribution of the filler particles was expressed by the
values of D10, D50, D90 standard percentiles, which rep-
resent respectively the size of particle below which 10, 50
and 90% of the sample lies. Standard percentiles are

referred to the number distribution. The particle average
size was expressed by the equivalent number mean diam-
eter, Dmean.

2.5 | Infrared spectroscopy

The infrared (IR) spectra were acquired using the Perkin-
Elmer Spectrum Two FT-IR spectrophotometer, in atten-
uated total reflectance (ATR) mode with a diamond crys-
tal plate. Each spectrum was the average of 16 scans,
acquired in the range 4000–400 cm�1 and with a resolu-
tion of 4 cm�1.

2.6 | Scanning electron microscopy and
electron dispersion spectroscopy

The microstructure of the composites at different filler con-
centrations and the morphology of CPG powder were ana-
lyzed by scanning electron microscopy (SEM). For SEM
analysis, the investigated cross-section was achieved by sec-
tioning the central portion of the injected samples with a
sharp blade. To make the sample surface conductive, an
approximately 10nmlayerof goldwas appliedby sputtering.

SEM characterizations were performed by means of a
field emission gun SEM (FESEM, Nova NanoSEM 450,
FEI company, USA). Images were acquired in field-free
lens mode making use of the circular backscatter detector
(CBS), to highlight the image contrast due to the sample
compositional variations. The accelerating voltage (HV)
of 15 kV, the spot size of 4 (a. u.) and the working dis-
tance (WD) of about 6 mm were utilized in the acquisi-
tion of all images.

Chemical elemental analysis was performed by means
of the energy-dispersive X-ray spectroscopy system (EDS)
QUANTAX-200 (Bruker, Germany), equipped with the
silicon drift detector (SDD) XFlash 6/10.

2.7 | Differential scanning calorimetry

The thermal parameters of composites, such as glass tran-
sition (Tg), melting (Tm) and crystallization (Tc) tempera-
tures, were obtained by differential scanning calorimetric
(DSC) analysis.

A small portion (10–20 mg) of the composite sam-
ples, obtained by injection molding, was subjected to
DSC analysis using a Perkin Helmer DSC6000
(PerkinElmer, USA). The heating scan was carried out
in the thermal range �60/200 �C with a rate of 10 �C/
min, while the cooling scan set at a rate of 10 �C/min
from 200 to 0 �C.
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2.8 | Permeability test

Films with dimensions of 10 � 10 cm2 and thickness of
about 0.35 mm were obtained from composite batches
and compared with a LDPE film in oxygen and water
vapor permeability tests. Riblene FC 39 D (supplied by
Versalis S.p.A., Italy) is the commercial LDPE used for
comparison.

The films were prepared by drying the pellets in a
vacuum oven at a temperature of 80 �C for 4 h and subse-
quently processing them with a Collin P 200 T press (Col-
lin Lab & Pilot Solutions GmbH, Germany).

The parameters used for making the films are sum-
marized in Table 4. For LDPE, the only difference was
the use of 190 �C as molding temperature.

In order to carry out the analysis of permeability to
oxygen and water vapor, the permeability tester for thin
film MultiPerm (Extrasolution Srl, Italy) with embedded
controls of temperature and relative humidity was used.
Performed tests comply with the standards ASTM D3985
and ASTM F1249 for oxygen transmission rate (OTR)
and water vapor transmission rate (WVTR) measure-
ments, respectively.

The operating conditions used for all the analyzed
samples are shown in Table 5.

2.9 | Disintegration test

The disintegration of pristine PBAT, PBAT-based com-
posites and LDPE was investigated under simulated com-
posting conditions in a laboratory scale test as described
in the EN ISO 20200 technical standard. Dry synthetic
solid waste was manually prepared with the following
composition: 40 wt% of sawdust (OBI Italy), 30 wt% of

rabbit-feed (Vitakraft, Germany), 10 wt% of ripe compost
(Vivi Verde Coop), acting as inoculum, 10 wt% of corn
starch, 5 wt% of sugar, 4 wt% of cornseed oil and 1 wt% of
urea (Sigma-Aldrich). After mixing, distilled water was
added to the obtained synthetic solid waste to adjust its
final water content to 55 wt%. The prepared compost,
together with the film specimens of composite materials,
were placed in PP reactors. The amount of wet synthetic
solid waste used in each reactor was such as to have a
ratio between the test material and the wet synthetic
waste equal to 0.5 wt%.

Reactors were weighed and the total masses recorded
previously to put them into an ISCO NSV 9090 oven at
58 ± 2 �C for the thermophilic incubation period. Dur-
ing this period the reactors were periodically weighed,
the water content restored, to maintain a sufficient and
constant relative humidity in the compost medium, and
the compost mixed. The overall test duration was
88 days.

Three film specimens of 2.5 � 2.5 cm2 were tested for
each PBAT-based material and for LDPE as traditional
plastic reference. Every week the film samples were
recovered, rinsed with deionized water, dried overnight
at 40 �C and weighed to monitor the fragmentation pro-
cess and to calculate the corresponding disintegration
degree (DD):

DD¼ M0�Mi

M0

� �
�100, ð9Þ

where M0 corresponds to the initial dry mass of the speci-
men and Mi represents the dry mass of the recovered
pieces during the monitoring period.

To validate the DD, the decrease in volatile-solids
content degree (R) was also calculated according to:

R¼ m0 DM0ð Þ VS0ð Þ½ �� mf DMfð Þ VSfð Þ½ �
m0 DM0ð Þ VS0ð Þ½ � , ð10Þ

where m0 is the initial mass of wet waste matrix, DM0 is
the dry mass of waste matrix and VS0 the initial volatile-
solids of wet waste matrix. mf, DMf and VSf represent the
final mass, the final dry mass and the final volatile-solids
of compost at the end of test period, respectively.

3 | RESULTS AND DISCUSSION

3.1 | Tensile characterization

Figure 3 shows the specimens of the various composites
obtained by injection molding, before (a) and after (b) the
tensile tests. As evident from Figure 3a, the appearance

TABLE 4 Film molding parameters

Molding temperature 130 �C (190 �C for LDPE)

Lamination time 3 min

Degassing cycles 10

Maintaining 100 bar for 3 min

Water cooling 100 bar until 50 �C

Air cooling 10 s

Abbreviation: LDPE, low-density polyethylene.

TABLE 5 Settings used for permeability tests

Set point temperature [�C] 23

Relative moisture [%] 1.0 ± 0.1

Carrier flow [ml/min] 12.3
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of the specimen did not significantly change with increas-
ing the percentage of filler.

The stress–strain curves are typical of a tough poly-
mer material with a yield point and are shown in
Figure 4.

All tensile curves are characterized by an initial linear
part due to elastic deformation, followed by a second
plastic deformation zone with the formation of a central
neck, which spreads along the entire central section of
the specimen, up to the gripping areas. In this last sec-
tion, the polymer chains are aligned along the stress
direction, determining a tough behavior of the material,
up to failure. The presence of CPG micro-particles deter-
mines an increase in E and at the same time a reduction
in σy, σB, εB and T. In particular, as the concentration of
CPG increases, E can be observed to increase up to 82%,
with a reduction of 20, 46, 54 and 72% in σy, σB, εB and T,
respectively (Figure 5, from (a) to (e)).

As it commonly happens in polymer-based micro-
composites, the introduction of micro fillers in these

systems leads to an enhancement of the elastic modulus,
in comparison to the neat polymer. In order to explain
the elastic modulus improvement observed in bio-
composite samples,46,47 the presence of an interphase
layer around the nanoparticles, promoting the stress
transfer at the interface, can be hypothesized. It is also
reported that the particles can restrict the mobility and
deformation of the matrix by introducing a mechanical
restraint.48

The stiffening effect provided by CPG particles can be
modeled by considering the theoretical approaches devel-
oped by the generalized Kerner's model for traditional
micro-composites.

According to this model, composite modulus does not
explicitly depend on the particle size and particle size dis-
tribution. Both these parameters and the effect of surface
treatment affect the model previsions only indirectly
through the maximum packing fraction (ϕm).

In Figure 6 the experimental data are compared with
the theoretical previsions according to Lewis-Nielsen's
model. The stiffening effect of CPG particles is in good
agreement with the theoretical prediction based on the
modified Kerner's equation, also at high CPG amounts.

Usually, in composites filled with traditional micro
fillers (chalk, calcium carbonate), the increase of the
composite elastic modulus is generally associated with
the decrease of the yield stress, because fillers decrease
the effective cross-section of the matrix that carries the
load during the deformation.49

More attempts are made to predict and analyze the
yield stress. Pukanszky's model applies the Equation (5)
for the effective load-bearing cross-section and con-
siders the influence of interfacial interaction and inter-
phase formation by means of B parameter, associated
with the relative load-bearing capacity of the compo-
nents, i.e., to interaction between filler and polymer
matrix.41

FIGURE 3 Specimens obtained by injection molding without sprue, before (a) and after (b) tensile test; from bottom to top: PBAT,

PBAT+2% calcium-phosphate glass (CPG), PBAT+4% CPG, PBAT+10% CPG, PBAT+20% CPG, PBAT+40% CPG
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FIGURE 5 E, σy, σB, εB and T as a function of the calcium-phosphate glass (CPG) concentration, from (a) to (e), respectively
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In Figure 7 the relative tensile stress at yield, σy,rel,
values of PBAT and relative composites according to
Pukanszky's equation (Equation 6) are reported with the
linear fitting line.

The slope of the fitting line represents the value of
B = 2.30 ± 0.08, confirming a positive relationship
between PBAT and CPG. In fact this value indicates the
formation of an interactive interphase between filler and
matrix, in line with the values found in the literature for
traditional rigid fillers.40 If B assumes low values, it indi-
cates a poor interaction between the matrix and the filler
particles, resulting in a reduction of the mechanical prop-
erties of the composite as the percentage of filler
increases. Indeed, the stress would result mainly on the
matrix, which takes on a gradually lower percentage in
the composite. Conversely, if the values assumed by B are
high, the matrix and filler will exhibit a high degree of
interaction and consequently the composite will have an
improved mechanical behavior.

Numerous authors have previously investigated the
behavior of different polymer-based composites
reinforced with micro- and nano-metric particles. Gener-
ally, the value of B for polymer-based micro- and nano-
composites assumes values between 2 and 15.30,44,50

The dependence of the tensile strength at break is
very similar to that of the yield characteristics. Usually,
strength at break decreases with increasing filler con-
tent.51 The number of models predicting ultimate proper-
ties is even smaller than for yield stress or yield strain.
The models developed by Pukanszky for yield properties
can be applied also for strength at break, accounting the
true tensile strength (σB,T = σ � λ, with λ = L/L0 the rela-
tive elongation) for the change in specimen cross-section
and λn for strain hardening (Equation 7).45 n character-
izes the strain hardening tendency of the polymer and is
experimentally obtained from the true PBAT stress–strain
curve, reported in Figure 8.

The curve section with log(λ) > 0.4 has a constant
slope. This slope represents the value of n = 1.703, used
to obtain the reduced stress at break, σB,Tred, as expressed
in Equation (8).

Factor B for stress at break is defined by a correlation
like the one used for yield stress41 and its value, used in
the modified Pukanszky's model (defined by Equation 7),
is the same as calculated for the yield stress.

In Figure 9 the experimental values σB,Tred are
reported in a semilogarithmic plot and compared with the
theoretical function of Pukanszky. A remarkable correspon-
dence is found between the experimentally obtained values
and the theoretical model, whose values do not differ signifi-
cantly and fall within the experimental standard deviation.

3.2 | FESEM and EDS characterization

Microstructural composite morphology is a key parame-
ter to support the observed mechanical properties of poly-
mer composites. Backscattered FESEM micrographs of
composites at different filler content are reported in Fig-
ure 10 and reveal the presence of CPG particles with a
higher image contrast and therefore with a different com-
position compared to the polymer carbon-based matrix.

FESEM images highlight homogeneous dispersion
and distribution of the filler particles in the polymer
matrix with no aggregates or phase separation that would
cause the unraveling of the material properties.

Even at high filler concentrations, no voids at the inter-
face can be noted, indicating a good surface wettability and
compatibility of CPG particles with the polymer matrix.

CPG particles show an irregular geometry and are
generally smaller than 10 μm in size, as shown by
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FESEM image in Figure 11a. This observation is con-
firmed by the particle size measurements (Figure 11b),
indicating a particle average value of 0.781 ± 0.001 μm
and D10, D50 and D90 values equal to 0.426, 0.625 and
1.250 μm, respectively.

In Figure 12 EDS spectra of all composites and CPG
are reported. As CPG concentration increases, the inten-
sity of the polymer characteristic peaks (in particular C
peak) decreases and at the same time the CPG character-
istic peaks (P, Ca, Na, K, Al and Si) increase. The inten-
sity of the O peak does not undergo significant variations
as the decrease in intensity regarding the polymer matrix
is compensated by an increase in intensity referring to
the glass content.

3.3 | IR spectroscopy characterization

Figure 13 shows IR spectra of composite samples with
increasing CPG concentration and pure CPG powder,
in order to obtain structural information on the poly-
mer matrix and possible variations due to the interac-
tions between polymer chains and CPG particles.

PBAT and CPG characteristic peaks are summarized
in Table 6.52–54 In particular, the characteristic band of
the carbonyl functional groups shows a shoulder at
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10 µm(d) (e) (f)

FIGURE 10 FESEM images of PBAT (a), PBAT+2% calcium-phosphate glass (CPG) (b), PBAT+4% CPG (c), PBAT+10% CPG (d),

PBAT+20% CPG (e), PBAT+40% CPG (f)
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higher wavenumbers than the main peak. The blue
shift is due to the carbonyl moiety in the adipate ester
group, which does not present conjugative effect, such
as in the terephthalate unit between phenylene and car-
bonyl groups.55,56 Moreover, always in the terephthalate
unit, the strong band due to the aromatic ring out-of-
plane deformation is not in its normal position for
para-substituted aromatics, instead it is found at slightly
lower wavenumbers, 725 cm�1. This shift is attributed
to an interaction of the ester group with the aromatic
ring.57

Based on the spectroscopic evidence, as the concen-
tration of glass increases, a general decrease in the inten-
sity of the PBAT absorption peaks and an increase in the
CPG band at 520 cm�1 can be observed. No particular
structural variations are detected due to possible interac-
tions of the CPG with the polymer matrix.
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FIGURE 13 Infrared (IR) spectra of PBAT-based composites and

CPG grains [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 6 Characteristic wavenumbers of IR peaks for PBAT-based composites and CPG

A 2800–2900 cm�1 Symmetric and asymmetric stretching
of methylene ( CH2 ) group in
adipate and 1,4-butanedienol units

B 1700 cm�1 Stretching of the carbonyl (C═O) group
in the adipate and terephthalate units

C 1600–1450 cm�1 Stretching of the double bonds (C═C)
in the aromatic ring of terephthalate
unit

D 1300–1000 cm�1 Asymmetric stretching of (C O) bond
in ester group

E 725 cm�1 Out-of-plane C H bending in the
aromatic ring of terephthalate unit

F 520 cm�1 Bending vibration of P O bond

Abbreviations: CPG, calcium-phosphate glass; IR, infrared; PBAT, poly(butylene adipate terephthalate).
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3.4 | DSC characterization

Figure 14 represents the two phases of the DSC analysis
carried out on the composite material samples: the
heating (Figure 14a) and cooling (Figure 14b) scans,
respectively.

Observing the trend of the characteristic temperatures
as a function of the CPG content, during the heating scan,
the glass transition temperature, Tg, and the melting tem-
perature, Tm, maintain approximately constant values, at
about �30 and 120 �C, respectively. A slightly more mar-
ked trend is reported by the crystallization temperature,
Tc, during the cooling scan, showing increasing values
with the CPG percentage in the range of 78–85 �C.

In the case of the Tc, it can be assumed that the CPG
particles hinder the movement of the polymer chains and
at the same time act as nucleating agent for PBAT macro-
molecules.58,59 Consequently, the attractive inter-
molecular forces become more and more relevant at
higher temperatures. The result is an increase in the Tc

value, as the percentage of added CPG increases.

The normalized values of melting, ΔHm, and crystalli-
zation, ΔHc, enthalpies are reported in Figure 15 and
show that the enthalpy variation can be considered negli-
gible, independently from CPG concentration. Conse-
quently, it is possible to state that the addition of CPG
particles does not change PBAT thermal properties.

3.5 | Permeability characterization

The results of the permeability tests are presented in
Table 7 and in Figure 16, showing the oxygen
(Figure 16a) and water vapor (Figure 16b) permeabilities,
respectively.

Although the trend is only indicative as the values are
within the standard deviations, the oxygen and water
vapor permeabilities appear to depend proportionally on
the CPG content.

Regarding oxygen permeability, considerably lower
values are observed in the pure PBAT and in the compos-
ites when compared to permeability values of PE.60 In
addition, the CPG fillers increase the barrier properties of
the composite materials, showing a decreasing trend in
oxygen permeability as the CPG content increases.

Considering the water vapor permeability, PBAT-
based materials display higher permeability values by
over an order of magnitude compared to PE and with an
increasing trend as the quantity of filler increases: PBAT
and the related composites exhibit therefore a lower bar-
rier effect to humidity compared to PE.

The gas and vapor permeability of PBAT is substan-
tially linked to the polar nature of the bonds present in
the polymer chain, unlike PE in which the macromolecu-
lar chain is substantially apolar. Hence, strongly polar
molecules such as water, characterized by the O H
bond, are more compatible with ester group in PBAT and
therefore permeate and diffuse in the polymer more eas-
ily, while structurally symmetrical molecules, lacking a
strong electric dipole, such as the molecule of oxygen

TABLE 7 Oxygen and water vapor permeability values for PE and PBAT-based composite films

Sample
Film
thickness [mm]

Oxygen permeability
[cc mm/(m2 24 h atm)]

Water vapor permeability
[g mm/(m2 24 h atm)]

PE 0.57 153 ± 5 0.10 ± 0.05

PBAT 0.34 68 ± 5 3.3 ± 0.2

PBAT + 2% CPG 0.35 66 ± 5 3.3 ± 0.2

PBAT + 4% CPG 0.41 67 ± 5 3.6 ± 0.2

PBAT + 10% CPG 0.37 60 ± 4 3.3 ± 0.2

PBAT + 20% CPG 0.36 53 ± 4 3.7 ± 0.3

PBAT + 40% CPG 0.40 60 ± 4 4.5 ± 0.3

Abbreviations: CPG, calcium-phosphate glass; PBAT, poly(butylene adipate terephthalate); PE, polyethylene.
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(O═O) or carbon dioxide (O═C═O), permeate the poly-
mer with more difficulties. It follows that the polymers
with polar functionality, like PBAT, allow water vapor to
pass through much more, while they show a lower oxy-
gen permeability. In the presence of polar inorganic
structures such as CPG, this behavior is even more evi-
dent. In fact, CPG is soluble in aqueous environments, so
it makes sense to expect water vapor permeability to
increase in composites with a higher filler content.

The main purpose for which the CPG addition to
PBAT matrix was carried out is to increase and tune the
rigidity of the material, rather than improving the barrier
effect. The results obtained from the permeability tests,
especially regarding oxygen permeability, constitute a
further advantage in the use of PBAT-based biodegrad-
able composites, designed to replace PE in packaging
applications. Furthermore, the high water vapor perme-
ability does not necessarily represent a disadvantage: pre-
vious studies have found that, compared to an LDPE
film, the humidity produced by the vegetable metabolic
activity has the possibility to better spread through the
packaging film, resulting in the absence of condensation

inside the package and thus reducing the risk of mold
development.61

3.6 | Disintegration characterization

The measurement of experimental mass loss from film
specimens subjected to aerobic conditions degradation
during the testing period can be considered as an index
of the material degradation capacity by assessing the DD.
According to ISO 20200, DD is measured experimentally
by the percentage of particles that are retained by a 2 mm
metal mesh, washed with distilled water, dried at 40 �C
and weighed.

Figure 17 displays the DD of the PBAT-based compos-
ites and LDPE as a function of time and material compo-
sition. The DD of pristine PBAT and related composites
indicates an evident growing trend over the composting
time. In particular, the DD increases as the filler content
in the polymeric matrix increases. CPG particles seem to
affect the disintegration process of the biopolymer,
thereby increasing the degradability of the composites,
depending on their content. The same behavior has
already been observed for bio-based composite materials
loaded with cellulose nanocrystals, where the nanofillers
would promote the diffusion and contact of the water
molecules with the polymeric matrix promoting the
hydrolysis of the polymer chains into smaller molecules
more easily metabolized by microorganisms.62

The PBAT degradation process occurs mainly by
hydrolytic dissociation of the ester bond present in the
polymer chain.63 The hydrophilic character of the CPG
particles, uniformly distributed in the polymeric matrix,
could favor this reaction following a greater and faster
absorption of water molecules by the composite material.
Furthermore, the solubilization of the CPG particles in
the composting environment would determine the

FIGURE 17 Disintegration degree of the poly(butylene

adipate terephthalate) (PBAT)-based composites and low-density

polyethylene (LDPE) as a function of time and material

composition [Color figure can be viewed at wileyonlinelibrary.com]
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appearance of micro cavities in the polymeric matrix,
favoring the formation of attachment points by the enzy-
matic degradation.

In the first 2 weeks of testing, the DD variation was
almost nil for about all the biocomposite materials tested.
Indeed, in this initial phase the bio-oxidative degradation
of the simple and immediately assimilable organic frac-
tion can be supposed.

The PBAT+20% CPG and PBAT+40% CPG samples
are the only ones to show a considerable weight reduction,
most likely due to the solubilization of a part of the high
phosphate glass fraction. After the first latency period, the
maturation stage started and a clear increase in the DD
was observed. This second phase is characterized by the

biodegradation of high-molecular-weight materials and
more complex molecules such as PBAT macromolecular
chains and biomass present in the compost.62

At the end of the composting process, all bio-based
composites reached a DD between 40 and 80%, with the
highest DD measured for PBAT+40% CPG sample.

The DD development for the individual tested mate-
rials is made explicit in Figure 18a–g, together with the
corresponding experimental errors.

As expected, LDPE was not affected by the com-
posting conditions, showing almost complete mass con-
servation even after 88 days. This result supports the
great difference existing between the sustainable end-of-
life of the bio-based PBAT-CPG composites over a

FIGURE 18 Disintegration degree for the individual tested materials as a function of time [Color figure can be viewed at

wileyonlinelibrary.com]
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traditional not biodegradable plastic such as LDPE,
which is completely resistant to a composting process
even for long periods.

At the end of test period, R value between the initial
synthetic waste and the compost obtained at the end of
the test was found to be greater than 50% (R = 55 ± 3%)
for each reactor, thus validating the results obtained for
the DD.

4 | CONCLUSION

For the first time this work proposes the preparation and
characterization of biocomposite materials with a PBAT
matrix reinforced with bioabsorbable CPG particles, as a
valid alternative to the current materials used for agri-
food packaging.

A series of composite materials was prepared by sol-
vent casting, containing increasing CPG content from 2
up to 40 wt%.

Tensile tests revealed an effective increase in the com-
posite stiffness compared to the pristine polymer, at the
expense of yield strength, strength and elongation at
break and toughness.

Experimental values of mechanical properties were
validated by the Kerner's and Pukanszky's models for the
estimation of the Young's modulus and of the yield and
failure stresses, respectively, showing good agreement
between experimental and calculated data.

IR spectra of the composites revealed no changes in
the chemical structure but a decrease in the intensity of
the polymer absorption peaks as the CPG concentration
increased. The same behavior emerged from EDS analy-
sis, which shows the elemental composition peaks.

From FESEM images of specimen cross-sections, it
was evident that the filler particles, with an average size
lower than 1 μm, are finely and homogeneously dis-
persed within the polymeric matrix, even at the highest
concentration, without the formation of agglomerates.
This confirms that the solvent casting approach is an
efficient method to prepare composite materials and jus-
tifies the good correlation between the experimental
data and the theoretical values of the mechanical prop-
erties, calculated through the application of theoretical
models.

Furthermore, from DSC analyses, thermal properties
are not significantly influenced by the addition of CPG par-
ticles as reinforcement, thus providing composites substan-
tially the same range of applicability as the pure polymer.

Oxygen and water vapor permeability tests were car-
ried out on films produced from each composite and on a
PE film for comparison. The composites revealed a signif-
icant barrier effect against oxygen, already at the lowest

concentrations of fillers, but significantly reduced against
water vapor, especially when compared to the character-
istic values of LDPE.

The disintegration test confirmed the high degrada-
tion difference between LDPE, a traditional thermoplas-
tic material with no weight loss during the composting
process, and the PBAT-CPG bio-composites, whose DD
increased with the CPG microparticle content, up to a
maximum of 80% at the end of the thermophilic incuba-
tion period. Moreover, the DD value and the resulting
fragmentation rate can be modulated by varying the
material composition.

According to the obtained results, CPG-filled PBAT-
based composites can represent a valid biodegradable
substitute for traditional thermoplastic polymeric mate-
rials, such as PE. Thanks to the similarity of PBAT per-
formances with PE, the rigid CPG reinforcement of
PBAT allows to modify and tailor the mechanical and
functional properties of the material in order to expand
its field of application especially in the agri-food packag-
ing sector.
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