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Abstract
In this work new biodegradable composite materials based on poly(butylene-adipate-co-terephthalate) (PBAT) reinforced 
with water-soluble calcium-phosphate glass (CPG) microparticles at different filler concentration (0, 4, 10, 20 and 40 wt%) 
were characterized by dynamic-mechanical analysis (DMA), aging and fragmentation tests. DMA results showed increasing 
storage modulus (E′) values with the filler content, without a significant modification of the glass transition temperature (Tg), 
translating in a reinforcing effect of the filler particles with good interphase adhesion. The creep compliance decreased with 
the increase of the CPG content, confirming a greater resistance of the composites to deformation under constant stress. The 
stability to weathering agents and the degree of fragmentation in laboratory-scale composting conditions were also tested, 
obtaining a higher sensitivity to degradation of the PBAT-based composites with the increase of CPG content. Overall, the 
addition of CPG particles in a PBAT matrix produced stiffer composites, with modulation of the properties based on the 
filler content, enhancing at the same time their degradation rate, making them a promising and more sustainable alternative 
to traditional polymers.

 * Corrado Sciancalepore 
 corrado.sciancalepore@unipr.it

1 Dipartimento di Ingegneria e Architettura, DIA, Università 
di Parma, Parco Area delle Scienze 181/A, 43124 Parma, 
Italy

2 INSTM, Consorzio Interuniversitario Nazionale per la 
Scienza e Tecnologia dei Materiali, Via G. Giusti 9, 
50121 Florence, Italy

3 DISAT, Dipartimento di Scienza Applicata e Tecnologia, 
Politecnico di Torino, Corso Duca degli Abruzzi 24, 
10129 Turin, Italy

http://orcid.org/0000-0002-8182-6618
http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-022-02479-1&domain=pdf


3915Journal of Polymers and the Environment (2022) 30:3914–3933 

1 3

Graphical Abstract

PE

PBAT PBAT+4% 
CPG

PBAT+10% 
CPG

PBAT+20% 
CPG

PBAT+40% 
CPG

PBAT

PBAT+4% CPG

PBAT+10% CPG

PBAT+20% CPG

PBAT+40% CPG

1 cm

DYNAMIC MECHANICAL ANALYSES

Day 0 Day 28 Day 60 Day 88

FRAGMENTATION

Day 0 Day 21Day 14 Day 28

ACCELERATED WEATHERING

0.00

0.05

0.10

0.15

0.20

0.25

0.30

1

10

100

1000

10000

-60 -40 -20 0 20 40 60

Ta
n 

δ

Temperature [°C]

E’

E’’

SOLID 1BA SPECIMENS AND FILMS

E’ 
an

d 
E’

’
 

[M
Pa

]

0

5000

10000

15000

20000

25000

30000

0 50 100 150 200

Cr
ee

p
co

m
pl

ia
nc

e 
[μ

m
2 /

N]

Time [min]

-1
0 

°C

0 
°C

10
 °C

20
 °C 30

 °C

40
 °C

50
 °C

60
 °C

Keywords Biocomposites · Dynamic-mechanical properties · Weathering · Fragmentation

Introduction

Polymeric materials have been widely employed for dec-
ades in a large variety of fields [1] and, from many points of 
view, packaging is certainly the most important application, 
thanks to properties such as lightweight, good mechanical 
response, processability, in addition to interesting values of 
barrier properties to gases and water vapor [2].

In the last years, bioplastics have been taken into con-
sideration and used for replacement of traditional ones 
because of the well-known environmental problems caused 
by improper handling of waste, leading to undesired phe-
nomena like marine litter [3, 4] and soil pollution by micro-
plastics [5].

Among the most diffused and studied biopolymers, 
poly(butylene-adipate-co-terephthalate) (PBAT) is a 
promising and increasingly diffused option, especially for 
packaging applications [6]. PBAT is a 100% biodegradable 
thermoplastic aliphatic–aromatic co-polyester, obtained 
by poly-condensation, to date, from fossil resources. Bio-
degradation of PBAT is recorded to fully take place in 
composting conditions in 45 days [7], with potential wide 
use in agriculture in the form of mulch films [8, 9] thanks 
to a series of remarkable properties, including high flex-
ibility and elongation at break and good thermal behavior, 

that are comparable to those of low-density polyethylene 
(LDPE) [10]. On the other side, the main downsides are 
represented by its high cost [11] and high water–vapor 
permeability [12].

Since bioplastics properties are not always competitive to 
those of conventional fossil-based polymers [13, 14], devel-
opment of experimental methods for improving the mechani-
cal, thermal, and rheological properties, as well as the sta-
bility of these relatively new polymers, is very important.

The realization of composite materials starting from 
bioplastics is the main way currently covered for the 
improvement and modulation, according to the needs, of 
functional and structural properties. In particular, among 
the mechanical properties, an increase in stiffness values is 
frequently observed [15, 16]. Even in the case of not sub-
stantial improvement of the properties, mainly caused by 
filler-matrix incompatibility and poor interface adhesion, 
such as poly(hydroxybutyrate) (PHB) filled with hollow 
glass microspheres [17] or poly(lactic acid) (PLA) and wood 
flour systems [18], the realization of biocomposites allows 
to decrease the total costs in the bioplastics production [14].

The most diffused fillers for bioplastics consist in parti-
cles of natural origin, in order to maintain biodegradability 
of the final material, such as ligno-cellulosic structures [19], 
like cellulose nanocrystals (CNCs) [20, 21] or nano-fibers 
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(CNFs) [22] as well as natural fibers [23, 24] and coffee 
grounds [25], or nanoclays [26, 27].

Calcium-phosphate glasses (CPGs) are inorganic phos-
phorous-based ceramics, whose main unit is the P-tetrahe-
dron  (PO4

3−) [28], with the unique and important character-
istic of being completely soluble in aqueous media, thanks 
to the hygroscopic nature of phosphorus pentoxide  (P2O5) 
[28]. CPGs were initially developed for biomedical applica-
tions such as bone repairing and scaffolds [29] and tissue 
engineering, often with addition of silver(I) oxide  (Ag2O), 
to minimize microbial contamination [30, 31].

In this work investigations on thermomechanical and vis-
coelastic properties and degradation stability of composites 
made from PBAT and CPG microparticles were carried out. 
The degradation stability can be defined as the ability of a 
substance to resist any change in its physical and chemical 
properties with respect to the variation of environmental 
factors such as temperature, light, humidity, and micro-
biological conditions. Studying and testing the stability of 
newly developed biocomposites is important to assess their 
potential applications and disposal conditions compared to 
pristine matrix and other already existing materials.

Thermo-mechanical properties and viscoelastic behavior 
of polymers and composite materials can be investigated 
by DMA characterization: typically, thermal stability and 
creep resistance of biocomposite materials are positively 
influenced by the addition of a second phase dispersed and 
interacting with the polymeric matrix, thus enhancing load 
bearing resistance and retarding the plastic deformations 
[32].

Another important aspect to be investigated when work-
ing with bioplastics and biocomposites is their deterioration 
or aging stability. Biodegradability represents sure enough 
an undoubted benefit for bioplastics, although it makes them 
highly susceptible to degradation.

The outdoor and indoor uses of polymers expose them to 
daylight, humidity, temperature, and other climatic condi-
tions that can reduce their durability. Nevertheless, envi-
ronmental weathering can require very long exposure times, 
which are unacceptable on an industrial scale.

To determine more rapidly the effect of ultraviolet (UV) 
radiation, heat, and moisture on the physical, chemical, and 
optical properties of plastics, accelerated exposure tests can 
be carried out using specific laboratory light sources. By 
means of UV chambers, exposures are simulated through 
more controlled conditions than those found in natural envi-
ronments and the tests are designed to accelerate polymer 
degradation, leading to failure. Relating results from acceler-
ated tests to actual-use conditions is however very difficult 
because of variability in the exposure. The main modifica-
tions caused by photo-degradation are chain scission and 
crosslinking through Norrish I and Norrish II reactions [33], 
leading to a decrease in molecular weight and consequently 

causing loss in mechanical properties, especially a lost in 
ductility [33–35]. Photo-oxidation, alongside with thermal 
degradation (utilization of the material at high temperatures) 
and chemo-degradation (exposure to harsh pH conditions), 
are the main abiotic degradation mechanisms, that both non-
biodegradable and biodegradable materials may undergo in 
environmental conditions [36].

Another way of testing polymer degradation is through 
fragmentation process, a physical deterioration according to 
which the material is considered degraded when pieces with 
dimension smaller than 2 mm are obtained. Fragmentation 
tests in composting conditions can safely take place on a 
laboratory scale, following dedicated regulations, in small 
reactors and with dry and clean components. This method 
is not aimed at determining the biodegradability of plastic 
materials under composting conditions: a positive outcome 
from the fragmentation test will require further testing to 
assess biodegradability and compostability.

In fact, biodegradation is a complex biochemical phenom-
enon carried out by living organisms present in soil, that in 
aerobic environment can break down the polymer chain into 
simpler and low-weight molecules, such as water, carbon 
dioxide, methane and so on as a result of their metabolism 
[36]. Obtaining small pieces can be considered an advance-
ment with respect to the current biodegradation process, pro-
viding the micro-organisms with a higher specific surface to 
initiate the process.

In this paper, composite materials based on PBAT and 
reinforced with increasing concentrations of CPG, previ-
ously realized, were studied. DMA and creep analyses were 
performed on dog bone specimens to determine the extent 
of influence of the filler particles addition on viscoelastic 
properties of the polymer. Degradation of the biocomposites 
was performed on film specimens by following appropriate 
standards for artificial accelerated weathering and disinte-
gration under laboratory-scale composting conditions.

Materials and Methods

PBAT, purchased in pellet form from MAgMa Spa (Italy), 
was utilized in the present work as the matrix of the 
composites.

The CPG used as filler for the composite materials was 
produced according to [37] and milled into particles with a 
size smaller than 45 μm.

LDPE (Riblene FC 39 D) as reference film was supplied 
by Versalis (Eni SpA, Italy).

Materials Preparation

Composites at different CPG concentrations (0, 4, 10, 20 
and 40 wt%, named respectively PBAT, PBAT+4% CPG, 



3917Journal of Polymers and the Environment (2022) 30:3914–3933 

1 3

PBAT+10% CPG, PBAT+20% CPG, PBAT+40% CPG) 
were realized through a solvent casting method, described 
in [38]. Briefly, PBAT was firstly dissolved at room tem-
perature (25 °C) into chloroform  (CHCl3—Merck-Sigma, 
Germany), chosen as suitable solvent for PBAT [12, 39], 
and then the CPG particles were dispersed in the solution.

The solution was casted and let dry under hood at room 
temperature (25 °C) overnight. After chloroform evapora-
tion, composite pellets were manually obtained from the 
residual film. The pellets were therefore employed in the 
realization of specimens and films for characterizations.

The solvent casting approach was chosen as a first explor-
ative phase since it allows to realize polymeric composites 
in a laboratory environment in such a quantity to thoroughly 
investigate the properties but maintaining feasibility in 
terms of solvent consumption. If the characterization of the 
so obtained materials gives promising results for a large-
scale application, the production of the composites could 
be implemented through a more industrial methodology. For 
ecology reasons, eliminating the consumption of large quan-
tities of solvent should be preferable, for example employ-
ing alternative compounding methods, such as twin-screw 
extrusion.

Test specimens of type 1BA, according to European 
standards UNI EN ISO 527, were obtained by injection 
molding, using a MegaTech H7/18-1 machine (TECNICA 
DUEBI, Italy). The specimens were injected at a tempera-
ture of 130 °C with a pressure of 120 bar, maintaining the 
mold pressurized for 5 s to allow uniform distribution of the 
molten material.

Films of thickness between 0.3 and 0.4 mm were pro-
duced using a Collin P 200 T press machine, with a mold-
ing temperature of 130 °C and a maintenance at 100 bar for 
3 min. LDPE film was molded at 190 °C.

Prior to processing, the composites pellets were dried at a 
temperature of 80 °C for at least 4 h, or up to constant mass, 
in order to eliminate residual humidity.

Dynamic‑Mechanical Analysis

Viscoelastic properties of the materials were investigated by 
means of DMA analysis, performed on the linear portion of 
the 1BA specimens using a TA Instruments Q800, in a single 
cantilever clamp-configuration, with three replicates for each 
composite material. Before being mounted in the clamp, the 
specimens were cut to a length that would fit properly in it.

The temperature ramp tests were performed with a fre-
quency of 1 Hz and an amplitude of 10 μm, the temperature 
going from − 55 to + 55 °C with a ramp of 3 °C/min, allow-
ing a soaking time of 15 min when the starting temperature 
had been reached.

The measures recorded the storage modulus (E′), the loss 
modulus (E″) and the damping factor, defined as the ratio 

between the loss and the storage modulus (Tan δ =  E″/E′), 
as a function of the temperature [40, 41]. Glass transition 
temperature (Tg) for each composite was then calculated as 
the temperature corresponding to the peak of the relative 
Tan δ curve [42].

Creep Test

In the creep test strain values were measured on at least two 
different samples for each filler concentration, in the range 
between − 10 and 60 °C at intervals of 10 °C, applying a 
cycle consisting of 10 min of isothermal soaking time, fol-
lowed by 10 min of measurement under the application of a 
constant stress equal to 0.2 MPa.

The results were expressed plotting the creep compliance 
(J(t)) against the test time. J(t) was obtained dividing the 
measured strain (ε(t)) values, recorded at each temperature, 
by the applied constant stress value (σ0) [43], and expressed 
in μm2/N, equivalent to  10–12  Pa−1, according to Eq. 1:

Accelerated Weathering Test

Accelerated aging behavior was tested in a QUV Acceler-
ated Weathering Tester (Q-LAB), according to the ASTM 
D 4329 standard, applying the G154 cycle.

Two sample films for each concentration with dimen-
sions of 5 × 5  cm2 were used for the aging test. Two samples 
of LDPE were also tested as reference. All samples were 
mounted on a sample holder and exposed to a combined 
cycle of UV radiance, high temperature and humidity. Pre-
cisely, the test cycle consisted in two main steps: 320 min of 
exposure to an UV radiance value of 0.68 W/m2 at a wave-
length of 340 nm and at a temperature of 60 °C, followed 
by 160 min of exposure to water vapor at a temperature of 
50 °C, with the UV lamps off. In the first step, the UV condi-
tions aim to best simulate noon summer sunlight exposure 
in the critical region from 365 nm down to the solar cut-off 
of 295 nm, with a peak emission at 340 nm. At the end 
of the daily cycle, the sample holders were removed from 
the machine and stored in a closed box to prevent uncon-
trolled effects due to the residual heat and humidity inside 
the chamber. The samples were subjected to the test cycle 
5 days a week, alternating with 2 days of treatment inter-
ruption. To ensure uniform treatment, the position of each 
specimen was varied from the starting position each week.

According to the standard, the duration of the test was 
considered sufficient when “a defined change in a material 
property” had occurred, which in this case resulted to be 4 
weeks.

(1)J(t) =
�(t)

�
0

=
�(t)

0.2 × 10
6Pa
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Every week, the samples were dismounted and analyzed 
by Fourier-transform infrared spectroscopy (FTIR), optical 
microscopy and CIE L*a*b* colorimetry, in order to investi-
gate any changes in the molecular structure and in the visual 
appearance.

At the end of the test period, scanning electron micros-
copy (SEM) images of the surface of both as prepared and 
weathered samples were taken and energy dispersive X-ray 
spectrometry (EDS) was carried out on the same samples.

Disintegration Test

Disintegration test under composting conditions was carried 
out following the EN ISO 20200 standard. For this test, three 
film samples of 2.5 × 2.5  cm2 were cut for each PBAT-based 
material and for LDPE as a non-degradability reference. The 
composting reactors consisted of polypropylene (PP) con-
tainers in which a hole of 5 mm in diameter was performed 
to allow air circulation and gas exchange. Dry synthetic solid 
waste was prepared as described in the standard with the 
following composition: 40 wt% of sawdust (purchased from 
OBI Italy), 30 wt% of rabbit-feed (Vitakraft, Germany), 10 
wt% of ripe compost (Punta allo Zero S.r.l. for Coop, Italy), 
acting as inoculum, 10 wt% of corn starch (Unilever, Italy), 
5 wt% of sugar (MAXI S.r.l., Italy), 4 wt% of corn seed oil 
(Oleificio Salvadori S.r.l., Italy) and 1 wt% of urea (supplied 
by Merck-Sigma, Germany). The components were mixed, 
then deionized water was added until reaching a wet con-
tent of 55%. All the polymeric samples were dried at 40 °C 
to constant mass, then weighed and the masses recorded 
individually. Four samples from each material were buried 
together in one reactor, using an iron mesh as support. The 
amount of wet synthetic solid waste used in each reactor was 
enough to allow a ratio of the test material mass to the wet 
synthetic waste mass equal to 0.5%. Reactors were weighed 
and the total masses recorded previously to put them into an 
ISCO NSV 9090 oven at 58 ± 2 °C. Following the methodol-
ogy described in the standard, the reactors were periodically 
weighed, the water content restored, and the compost mixed. 
The overall test duration was 88 days.

For the purpose of monitoring the fragmentation process, 
every week the samples were recovered, rinsed with deion-
ized water, dried overnight at 40 °C and weighed. Pictures 
of the appearance of the films were taken with an optical 
microscope.

The degree of disintegration (D) was calculated through 
Eq. 2 as mean of the values of three samples:

where mi is the initial dry mass of the test material and mr is 
the residual mass at the time of the measurement. D values 

(2)D =
mi − mr

mi

× 100

have been reported in a graph against time, expressed in 
days.

To validate the test, the variation in D values (ΔD), cal-
culated with Eq. 3 taking into account three replicates for 
each material, according to the standard requirement, shall 
not exceed 10%:

where Dmax and Dmin are, respectively, the maximum and 
minimum values of D and Di is the mean value of the three.

After the sixth week, the measurements were repeated 
every 2 weeks, to prevent excessive deterioration caused by 
the manipulation of the samples.

Dry mass (DM) of the compost material before and after 
the test was calculated by drying two samples of known 
volume at 105 °C (ISCO NSV 9090) to constant mass. The 
result was expressed as a percentage of the total mass of the 
sample divided by 100.

The samples of dried compost were then calcined at 
550 °C for 8 h (LKN 75, Nannetti), let cool overnight and 
weighed, repeating the process until constant mass was 
reached. The volatile-solids (VS) content, corresponding to 
the mass loss, for each sample was calculated by subtracting 
the residual mass obtained by the calcination from the total 
dry solids content and expressed as a percentage of the DM 
divided by 100. The VS content is an important parameter 
since it is an indication of the content of organic matter in 
the compost (ISO 20200).

The decrease in the total VS content (R) was calculated 
with Eq. 4:

where mi is the initial mass of the wet synthetic waste intro-
duced into the reactor, mf is the final mass of the compost, 
(DM)i, (VS)i, (DM)f and (VS)f are the initial dry mass, the ini-
tial volatile-solids content, the final dry mass, and the final 
volatile-solids content of the synthetic waste, respectively.

Validity of the test is confirmed when R assumes values 
greater or equal to 30%.

At the end of the test period, a sample from the residual 
material of each tested specimen was analyzed with FTIR.

Colorimetric Analysis

Colorimetric analysis was carried out on weathered samples 
with a Spectro Connect 2.5 (Techkon, Germany), consider-
ing five measuring points on each film sample, one in the 
center of the sample and the other four at diagonal directions 
from the center.

(3)ΔD =
Dmax − Dmin

Di

(4)R =

[

mi ∙ (DM)i∙(VS)i
]

−
[

mf ∙ (DM)f ∙ (VS)f
]

[

mi ∙ (DM)i∙(VS)i
] × 100
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During ageing test, CIE L*a*b*coordinates were 
recorded, where L is the brightness, a values indicate red 
or green coloration in case they are positive or negative, 
respectively, and likewise b values indicate yellow or blue 
coloration.

The color variation (ΔE) of the different composites 
over time was evaluated using the relationship expressed 
by Eq. 5:

where Lt, at and bt are the values at the time of the meas-
urement, while L0, a0 and b0 are the initial values collected 
before the weathering process.

Optical Microscopy

Optical images of the samples were taken with an USB Digi-
tal Microscope equipped with the MicroCapture software, in 
order to obtain qualitative information on the macroscopic 
variation of the samples during the aging and fragmentation 
tests.

Scanning Electron Microscopy and Electron 
Dispersion Spectroscopy

The performing of SEM/EDS analysis aimed to the inves-
tigation of any changes in terms of surface aspect and 
chemical composition of the samples that underwent aging 
degradation.

SEM images were acquired using the SEM-Field Emis-
sion Gun (FEG) Nova Nano SEM 450 microscope (Fei) at 
different magnifications.

EDS was carried out by means of the system QUAN-
TAX-200 (Bruker, Germany), equipped with the silicon drift 
detector (SDD) XFlash 6/10.

Fourier‑Transform Infrared Analysis

In order to study the modifications taking place in the chemi-
cal structure of the materials during the degradation period, 
FTIR spectroscopy was performed by means of the Spec-
trum Two instrumentation (Perkin Elmer, USA) in attenu-
ated total reflectance (ATR) mode. The parameters used for 
the analysis were: resolution of 4  cm−1, 16 scans per meas-
urement, wavenumber range going from 400 to 4000  cm−1.

For the accelerated weathering test, two measure points at 
the center of the specimen were considered for each sample. 
Therefore, for each composite material, a set of four spectra 
was collected. Regarding the fragmentation test, each speci-
men was analyzed, obtaining a total of three spectra for each 
composite material. In both cases, the spectrum obtained 
from the mean values has been considered for the discussion.

(5)ΔE =

√

(

Lt − L
0

)2
+
(

at − a
0

)2
+
(

bt − b
0

)2

Results and Discussion

Viscoelastic Analyses

The addition of a reinforcing phase has the effect of 
changing the viscoelastic properties of polymer compos-
ite. Investigation of the influence of the filler content on 
dynamic-mechanical properties and creep allows to define 
the variation of the conditions of use of new materials.

DMA

Figure 1a–c represent E′, E″ and Tanδ of the tested com-
posites, respectively.

For all the PBAT-based composites, E′ (Fig.  1a) 
decreases overall of one order of magnitude with increas-
ing temperature in the analyzed thermal range, showing a 
sharp decrease with an inflection point at around –20 °C, 
corresponding basically to the temperature in which the 
glass transition takes place [44].

Considering E′ values as a function of CPG concen-
tration at different temperatures, both below and above 
the Tg, E′ increases with the concentration of the filler 
independently from the temperature considered, thus 
indicating a reinforcing effect due to the addition of CPG 
microparticles.

The reinforcement efficiency of CPG in the polymer 
matrix can be qualitatively represented by the slope of the 
fitting line obtained by reporting the reduced modulus (the 
ratio between the storage moduli of the composite, E′, and 
the pristine PBAT, E′0) as a function of the filler concentra-
tion at different temperatures. The increment of E′ in the 
composites, compared to pristine PBAT, is more evident for 
temperatures above Tg, as clearly visible from the higher 
slope of the trend line in Fig. 2a. The reinforcing effect 
proves to be more efficient in the rubbery state (above the Tg) 
of the materials rather than in the glassy state (below the Tg).

The polymer chain mobility below the Tg is inhibited 
in the glassy state: only atomic bonds undergo bending 
and stretching vibrations, hence the further stiffening is a 
positive but sparingly effective achievement.

In the rubbery state, on the other hand, the viscosity of 
the polymer generally decreases [45], activating the vis-
cous flow of the polymer chains and therefore worsening 
the mechanical properties. The filler particles have a role 
in preventing the intermolecular movements and limiting 
the decrease of the mechanical properties with increasing 
the temperature. The realization of highly filled compos-
ites can therefore be seen as a way of broadening the tem-
perature range of composite applications compared to the 
unfilled PBAT polymer.
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Additionally, when considering temperatures above 
the Tg in the rubbery plateau (approximately between 0 
and 40 °C), the reinforcing effect appeared to be quite 
constant (Fig. 2b), so at a given value of applied stress 
composite materials can be used in a wider thermal range 
than unfilled PBAT.

The results of E′ trend are in line with the stiffening effect 
obtained by other authors who studied dynamic-mechanical 
properties of biocomposite systems with natural fibers as 
reinforcing agents. The stiffness of the composites increased 
in comparison to the neat matrix with a more pronounced 
increment above Tg [32].

Fig. 1  Storage modulus (a), loss modulus (b) and damping factor (c) of the PBAT+CPG composites

Fig. 2  Normalized increment in storage modulus (a) and angular coefficients of the trends (b)
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E″ values (Fig. 1b) were collected to calculate Tan δ. 
Tan δ curves (Fig. 1c) show a peak decreasing in intensity 
as the CPG concentration in the composites increases with-
out a corresponding change in temperature. This behavior 
can be explained considering the increment of interaction 
between the filler particles and the matrix, thanks to a wider 
interfacial area [46–48]. On the other hand, the absence of 
variation in the intensity and position of Tan δ has been 
interpreted in other polymer-based systems as evidence of a 
poor interaction between the polymer matrix and the filler, 
especially for nanostructured fillers for which aggregation 
and phase separation phenomena are more probable [49].

The values of Tg, considered as the temperature corre-
sponding to the peak in Tan δ curves and represented as 
a function of filler concentration in Fig. 3, did not show 
a significant trend with increasing the filler content. More 
in detail, the Tg values for the different composites are not 
significantly different, all falling within the experimental 
standard deviation.

The constant trend of Tg suggests that the interaction 
between the matrix and the filler is limited to a good adher-
ence without the creation of a strong chemically bonded 
interphase layer [50], allowing however to maintain the ther-
mal stability of the composite. When a stronger interphase is 
created, an increase in Tg is usually observed [47, 51]

Creep

Figure 4 reports creep compliance values for the tested mate-
rials as a function of test time at each operating temperature.

The Burger’s model, a series combination of the Max-
well’s and Kelvin-Voigt’s elements [52, 53], can be used 
to explain the experimental creep results. According to 
Burger’s model, the creep behavior of polymer materi-
als can be quantified by the creep compliance, J(t), and 
characterized by three different stages: the first stage is 

the instantaneous elastic response (J1(t)), the second stage 
is the retarded elastic response (J2(t)) and the third stage 
is the viscous flow (J3(t)), mathematically represented by 
Eq. 6:

where E1 = Maxwell’s spring constant, E2 = Kelvin-
Voigt’s spring constant, η1 = viscosity of Maxwell’s dash-
pots, η2 = viscosity of Kelvin-Voigt’s dashpots and τ = η2/
E2 = characteristic relaxation time, i.e., the time required to 
generate 63.2% of deformation in the Kelvin-Voigt’s units.

The results show that the creep compliance reduced at 
each tested temperature when the CPG content increased. 
This behavior can be explained by the reduction of the 
instantaneous elastic response, presumably determined by 
an increase in the spring constants of Maxwell (E1) and 
Kelvin-Voigt (E2). The reinforcing effect that the CPG par-
ticles exert on the PBAT polymeric matrix is responsible 
for the increase in the creep resistance and the amplifica-
tion of the elastic behavior of the material. At a higher tem-
perature, the creep compliance of each composite material 
greatly increased and, as a result, the creep strain acceler-
ated, because the retarded elastic response and the viscous 
behavior of the composite increased at the highest level. 
In fact, as the temperature increases, the viscosity of the 
polymeric matrix decreases, resulting in the decrease of the 
viscosity η1 of the Maxwell’s element and in the decrement 
of the relaxation time in the Kelvin-Voigt’s element, which 
depends on the viscosity η2.

A reinforcing effect in terms of creep behavior is fre-
quently found in composite systems, such as bioplastics 
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Fig. 3  Glass transition temperature as a function of filler content (the 
dashed line is a guide to the eye)

Fig. 4  Creep compliance of bare PBAT and PBAT+CPG composites 
at different test temperatures



3922 Journal of Polymers and the Environment (2022) 30:3914–3933

1 3

filled with natural fibers [15, 18] and polyamide 66 with 
nanoclay [54].

Degradation Stability

Beside investigating the composites behavior in terms of 
modification of the conditions of use, as a function of filler 
content, this work aims, on the other side, to investigate end 
of life properties of the realized materials. In this way, a 
more complete characterization can be achieved.

Accelerated Weathering Test

PBAT-based composites stability to weathering agents was 
tested on film samples with accelerated aging analysis.

Artificial accelerated weathering aims to simulate in a 
reduced period of time the effects of environmental con-
ditions, such as sun exposure, by irradiating the samples 
with UV light at temperatures above room temperature and 
in presence of high humidity. Aging can cause irreversible 
modification in the properties of polymers, and the most 
common effects of weathering include discoloration, embrit-
tlement, tackiness, and loss of mechanical properties [55].

Colorimetric Analysis Changes in color ΔE have been cal-
culated through Eq.  5 each week for each composite. ΔE 
values of each composite material have been plotted against 
the elapsed time expressed in weeks, then fitted with a linear 
equation (Fig. 5).

Fig. 5  Color variation of the composites over time. The round points represent the experimental data, while the dotted lines are the linear fitting 
curves
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The angular coefficient of the fitting lines, which repre-
sents the color variation rate, clearly increases as the concen-
tration of CPG increases. These values are reported in Fig. 6 
as a function of the CPG concentration, showing higher and 
higher values with the growth of filler content. This behav-
ior means that, as the concentration of CPG increases, the 
composites undergo a greater change in color, in particular a 
tendency to yellowness corresponding to a faster degradation 
of the materials [56].

Digital microscope pictures (Fig. 7) show the change 
in the composite specimen appearance with the test pro-
gression: the composites with a high concentration of glass 
microparticles can be noted to undergo multiple fractures 
while the exposure proceeds, becoming more brittle and 
difficult to handle than the untested samples. This behavior 

indicates a certain deterioration degree of the material, the 
causes of which will be investigated below on the basis of 
the microscopic and spectroscopic characterization results.

PBAT+20% CPG specimens first showed a beginning 
of cracking during the second week of test, only visible in 
backlight, followed by macroscopic cracking at the third 
week (Fig. 7i). PBAT+40% CPG started cracking during 
the third week as well (Fig. 7ii), and then PBAT+10% CPG 
in the last week of test. At the end of the fourth week, the 
aging of the specimens loaded with 40 wt% of filler was 
extended enough to make their removal and repositioning 
after analyses rather complex: this fact determined the end 
of the test period. LDPE, that was taken as a reference for 
a non-degradable material, did not exhibit visible signs of 
deterioration.

SEM The brittle behavior could be explained by the analysis 
of the surface microstructure of the specimens, investigated 
by means of SEM. Figure 8 represents the surface morphol-
ogy of the composite materials before the weathering test 
(on the left of Fig. 8) and at the end of the testing period (on 
the right of Fig. 8). In the SEM images of unaged samples, 
the grey portion represents the polymeric matrix and the 
white bodies scattered throughout it represent the filler par-
ticles. SEM images are obtained by acquiring backscattered 
electrons for compositional information, being sensitive to 
the atomic number of the atoms interacting with the elec-
trons. Hence the higher contrast particles present in sample 
microstructure can be identified as inorganic phosphorous-
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Fig. 6  Color variation rate as a function of filler content

Fig. 7  Digital microscope pictures of PBAT+CPG composites and 
LDPE over time during the weathering test. Details (i) and (ii) rep-
resent cracking on PBAT+20% CPG and PBAT+40% CPG samples, 
respectively, at the third week of test

Fig. 8  Surface microstructure of PBAT (a), PBAT+10% CPG (b), 
and PBAT+40% CPG (c), as representative samples, before (i) and 
after (ii) 4 weeks of weathering test
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based compounds, heavier than the carbon-based polymer 
matrix and therefore with a higher electron scattering.

Comparing the material microstructures before and 
after the test, it is possible to assume that, due to its hydro-
philic nature, the CPG absorbed the water vapor during 
the second step of the test cycle, dissolving and forming 
a thin layer on top of the PBAT matrix. During the night 
between two consecutive test days, this glass layer dried 
out, covering the whole sample surface, and resulting in 
a more brittle and stiffer phase on top of the polymer film 
surface. Furthermore, the polymer itself can be involved in 
the absorption of water, that in the case of natural weather-
ing comes from rain or environmental humidity, followed 
by drying, with repeated swelling and contraction cycles. 
The repetitive process, over the testing period, caused 
stresses that concentrated on the surface of the speci-
mens around and across the glass areas leading them to 
crack, thus influencing the entire composite structure [56], 
which appeared with a more rigid and brittle macroscopi-
cal behavior and confirming what previously observed by 
digital images in Fig. 7.

By paying particular attention to the images of the sam-
ples after the aging process, image contrast is still clearly 
visible between the matrix and the filler, but everything 
shows a grey tone, rather than highlighting bright areas cor-
responding to the CPG microparticles on a grey background, 
confirming the hypothesis just explained for the glass dis-
solving and spreading on the specimen surface. As further 
evidence to this observation, EDS results will be discussed 
in the next Section.

EDS EDS analysis on unaged specimens was performed on 
two measuring points: the first on a glass particle and the 
second within the PBAT matrix area, the spectra of which 
are represented in Fig. 9a and b, respectively. In Fig. 9a only 
the peaks characteristic of the elements constituent the CPG 
are reasonably detected, such as oxygen, phosphorus, cal-
cium, magnesium, sodium and silicon, and analogously in 
Fig. 9b carbon and oxygen are the only peaks distinctive of 
the PBAT matrix. The appearance of a spurious gold-related 
peak is due to a nanometric layer of metal applied on the 
specimen to make it conductive and to avoid charge accu-
mulation during the test. Considering now the spectrum of a 
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Fig. 9  EDS analysis on glass particle in unaged specimen (a), on PBAT surface of unaged specimen (b) and on a generic point of aged specimen 
surface (c)
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specimen after the weathering process (Fig. 9c), the simul-
taneous presence of peaks ascribed to both glass filler and 
polymeric matrix, in a generic point on the surface of the 
specimen, corroborates the assumption made on the behav-
ior of the CPG particles previously described.

FTIR Structural modifications of the materials after the 
weathering test were analyzed by means of FTIR spectros-
copy: changes in the spectrum indicate modifications in the 
chemical structure of macromolecules as a consequence of 
the weathering process, mainly characterized by humidity 
and UV radiation exposure. Due to the nature of bioplastics, 
especially for polymers obtained from poly-condensation 
such as PBAT, water can be responsible for the actual chem-
ical degradation by triggering hydrolysis reactions that lead 
to the breakdown of the polymer chain.

Because of its intrinsic high energy, UV radiation (wave-
length < 400 nm) is one of the main sources of degradation 
of polymers, by photochemical reactions [56]. Indeed, the 
UV component of sunlight consists in photons with enough 
energy to split inter- and intra-molecular bonds [55].

With the aim of comparing the FTIR spectra of each com-
posite at different times of measure, data have been nor-
malized to the highest peak at 725  cm−1, characteristic of 
aromatic ring out-of-plane bending, which has been assumed 
not to be susceptible to oxidation. The wavenumber coor-
dinate of this peak is shifted to a lower value (generally its 
presence is at around 830  cm−1), due to conjugation interac-
tion between the aromatic ring and the ester groups of the 
terephthalate unit [57].

Characteristic peaks of PBAT-CPG composites are 
described in Table 1 and spectra of PBAT and PBAT+CPG 
composites at different filler contents are reported in Fig. 10. 
CPG does not influence the structure of the polymeric 
matrix: PBAT-related peaks are not modified, and CPG 
presence is detectable mainly through the band at 520  cm−1, 
characteristic of phosphorus-oxygen bond, whose intensity 
increases with the content of the filler in the composite [30, 
31, 58, 59]. 

For pristine PBAT (Fig. 10a), FTIR spectra over aging 
time do not show considerable modification, with only the 

formation of a very weak band between 3000 and 3700  cm−1 
which identifies the formation of hydroxyl groups. Since no 
other evident modification took place, the presence of  (OH−) 
is attributed to the absorption of water on the surface of the 
samples [9].

In the case of PBAT composites (Fig. 10b–e) changes 
are particularly evident. The most important modification 
is the formation of a wide band at 3000–3700  cm−1, charac-
teristic of  (OH−) bond, together with a noticeable decrease 
of the intensity of the (C=O) and ((O=)C–O) bonds of the 
ester group respectively at 1710 and 1260  cm−1 [9, 60], in 
turn supported by the formation of a shoulder to the peak at 
1645  cm−1, distinctive of (C=O) bond in carboxylic acids 
involved in the formation of intermolecular hydrogen bonds 
[61]. This observation suggests the hydrolysis of the ester 
group in the main polymer chain, with formation of alcohol 
and carboxyl functionality by addition of a water molecule. 
The combined action of UV radiation and water molecule 
absorption leads to the macromolecule breakdown with the 
formation of a free acid group, which can interact with other 
molecules, with the formation of hydrogen bonds causing a 
shift towards lower wavenumbers in the carbonyl absorption 
peaks [61].

Beside the degradation of the polymer chain, the intensifi-
cation in the hydroxyl band may be also due to the formation 
of hydroxyl groups in the glass, thanks to its hydrophilic 
nature. In fact, this behavior becomes more and more evident 
for composites that are more concentrated in CPG.

On the other hand, the formation of a peak at 2352  cm−1, 
ascribable to the stretching of (P-OH) bond [61], is observ-
able and its intensity increases as the concentration of 
phosphate glass and the testing period increase. The same 
behavior is shown by the band at 520  cm−1, characteristic 
of bending vibration of the same bond. The formation of the 
peak at 2352  cm−1 could be explained by the mechanism for 
which the glass content solubilizes into the surface absorbed 
water during the second step of the test cycle, forming a 
thin and more homogeneous layer on top of the specimen 
surface, as already presented in the SEM images.

Analyzing the LDPE spectra (Fig. 10f), the main peaks 
(the symmetric and asymmetric  CH2 stretching at 2915 

Table 1  Characteristic IR 
absorption peaks of PBAT-CPG 
composites

Wavenumber  [cm−1] Description

2800–2900 Adipate and 1,4-butandienol (−CH2−) groups symmetric and asymmetric stretching
1710 Adipate and terephthalate carbonylic (C=O) stretching in ester group
1577–1504 Aromatic benzene ring (C=C) bond stretching
1267–1250 ((O=)C–O) bond asymmetric stretching in ester group
1110 ((C−)C–O) bond stretching in 1,4-butanediol group
1014 Aromatic benzene ring (C–H) bond in-plane bending in terephthalate unit
725 Aromatic benzene ring (C–H) bond out-of-plane bending in terephthalate unit
520 P–O bond bending
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and 2848   cm−1, the bending deformation at 1471 and 
1462  cm−1 and the rocking deformation of the carbon chain 
at 730–719   cm−1) are not affected by the aging process 
[62]. The most important modification of the spectrum over 
time is the formation and increment of a peak in the region 
between 1700 and 1800  cm−1, indicating the formation of 
carbonyl groups, suggesting therefore a degradation by pho-
tooxidation of the polyethylene chain structure [55, 63, 64]. 
A very weak increase of intensity in the region of hydroxyl 
groups can be observed. Overall, compared to the degrada-
tion of PBAT-CPG composites, the aging effect on LDPE 
samples can be considered negligible.

Disintegration Test

A first step to assess degradability of polymeric materials 
can be made by determining the degree of disintegration of 
samples under composting conditions. The ISO 20200 stand-
ard offers an easy-to-reproduce methodology for laboratory-
scale tests. This method does not aim to the determination of 
biodegradability in composting conditions and, especially, 
further testing is necessary to claim compostability.

Physical Appearance Visual inspection of the samples can 
be easily carried out and reported with the use of optical 

Fig. 10  PBAT (a), PBAT+4% CPG (b), PBAT+10% CPG (c), PBAT+20% CPG (d), PBAT+40% CPG (e) and LDPE (f) FTIR spectra over time 
during the weathering test
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microscopy. In Fig. 11 a comparison of the macroscopical 
specimen morphology is represented for the samples at the 
beginning of the test and after 28, 60, and 88 days.

As in the case of accelerated weathering, LDPE did not 
show visual signs of deterioration, not even at the end of the 
test, while PBAT and the composites underwent a signifi-
cant change in appearance. The change in color affected in 
different ways PBAT and the composites. PBAT assumed a 
compost-like brown color maintaining a partial transparency. 
The composites assumed a brown color that intensified with 
the proceeding of the test, like PBAT, but turned opaque by 
the second week of test.

The specimen fragmentation increased with the filler 
content and the time, the materials resulting more and more 
fragile every time they were took out from the compost. 
Also, with the ongoing of the test, after being recovered, 
rinsed, and dried overnight at 40 °C, the films became more 
and more brittle and difficult to manipulate.

Compost Aspect The variation of the compost aspect was 
monitored over time as a standard requirement.

Regarding the odor monitoring, at the beginning of the 
test, a mixed smell of the sawdust and the rabbit-feed was 
prevalent, the seventh day a strong ammoniacal odor started 
forming and lasted for about 2 weeks, slowly degrading into 
a mild odor that persisted for the whole test duration.

The color of the compost varied from a light brown, when 
the dry synthetic waste was first mixed with deionized water, 
to a very dark brown when ammoniacal odor was present, 
corresponding to a maturation phase. As a matter of fact, 

during this time, mold spots and bacterial activity evidence, 
like gas production, were observable on the surface of the 
compost (Fig. 12).

The detected variations in both color and odor are in 
accordance to what is described in ISO 20200 standard.

FTIR Figure 13 represents the FTIR spectra of the samples 
before and after the fragmentation test, normalized to the 
peak at 725   cm−1 characteristic of aromatic ring out-of-
plane bending, as done previously for FTIR spectra of the 
samples subjected to accelerated weathering test.

When comparing the spectra after the test period to the 
ones of the untested samples, the main characteristic is a 
substantial de-structurization of the spectrum: in the finger-
print region (1200 to 700  cm−1), the peaks appear different 
after 88 days of fragmentation, with the absorbance values 
homogenized to a medium intensity, making it difficult to 
identify representative signals, and suggesting a chemical 
deterioration in the polymer molecule.

Again, it is noticeable the formation of a wide band char-
acteristic of  (OH−) bond at 3000–3700  cm−1, due to the 
absorption of water by the film, superposed with a peak at 
3278  cm−1, which is attributable to the amide bond of urea 
[61], as a residual on the surface of the samples coming from 
the compost composition.

A big difference with the spectrum after aging (Fig. 10) 
is the decrease in intensity of the ester carbonylic linkage 
(C=O) stretching peak (1710  cm−1), compatible with the 
complete deterioration of the polymer chain not into mono-
mers but into simple molecules by the metabolic action of 
microorganisms in the soil.

As a matter of fact, the degradation of PBAT in soil in 
controlled conditions is due to two main processes: enzy-
matic and non-enzymatic degradation, the first carried out 
by aerobic microorganisms, like bacteria, fungi, and algae, 
and the second by hydrolytic process [11, 65]. Often, abiotic 

Fig. 11  Degradation of PBAT, PBAT-CPG composites and LDPE 
over time

Fig. 12  Appearance of the compost during the 3rd week of test
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hydrolysis acts as a precursor for microbial degradation 
causing depolymerization, that is the scission of the poly-
mer chain into molecules of lower molecular weight that are 
easier for the microorganisms to utilize as sources of carbon 
for their metabolism [66].

The comparison of LDPE spectra before and after the 
test confirmed, once again, that it did not face any kind of 
deterioration, as supposed from visual inspection, given both 

the absence of new peaks and the modification of the pre-
existent ones.

Calculation of the Degree of Disintegration It was evident 
from visual appearance that all PBAT-CPG composite sam-
ples experienced a marked weight loss during the test.

To calculate and monitor D, expressed as mass loss per-
centage, Eq. 2 was applied every time the samples were 

Fig. 13  PBAT (a), PBAT+4% CPG (b), PBAT+10% CPG (c), PBAT+20% CPG (d), PBAT+40% CPG (e) and LDPE (f) FTIR spectra at the 
beginning and at the end of the fragmentation test
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recovered from the reactors. Mean D values as a function of 
time, expressed in days, are reported in Fig. 14. As expected, 
LDPE did not deteriorate, while pristine PBAT and PBAT-
CPG composites showed an increasing degradation both 
as a function of time and of the CPG content. In the first 
week of test, while the mass of neat PBAT and the com-
posites with 4 and 10 wt% filler content remained almost 
constant, PBAT+20% CPG showed a first decrease in mass. 
PBAT+40% CPG followed a particular behavior, losing over 
35% of its mass, presumably in CPG content, which dis-
solved in the water contained in the compost. After 14 days 
of test, all biocomposites assumed a homogeneous trend. At 
the end of the 88 days of test, the biocomposites reached a 
degree of disintegration between 38 and 79%, correspond-
ing to PBAT and PBAT+40% CPG, respectively. LDPE 
is an oil-based non-biodegradable polymer, hence it was 
chosen as a reference for non-degradability, while PBAT 
is completely biodegradable with its degradation varying 
with progression of time. The addition of water-soluble CPG 

further increased the degradation rate as a function of the 
filler content. CPG particles exhibit hydrophilic behavior 
and the increased water absorption, at high CPG concentra-
tions, can accelerate hydrolysis activity catalyzing the degra-
dation and breaking of polymer chain, as similarly observed 
for modified-thermoplastic starch/PBAT blends [67].

CPGs completely dissolve in aqueous solutions and their 
solubility can be varied by changing the glass composition 
[68, 69]. Assuming that all CPG content had dissolved in 
the water contained in the compost and subtracting it from 
the total percentage of degradation, all composites showed 
a degradation of the PBAT matrix that falls within 38 and 
46%. This result is congruent compared to the values of 
degradation reported in other PBAT degradation studies; 
Kijchavengkul et al. obtained, indeed, a degree of biodegra-
dation going from 33 to 67% in 45 days, depending on the 
type of compost used [7].

Also, it has been reported that greater disintegration 
degrees can be obtained for PBAT composites previously 
aged through UV radiation [26].

The ratio MR =
mr

mi

 , corresponding to the mass reduction 
related to the initial mass of the specimen, was also calcu-
lated and reported as a function of time for the tested 
composites.

The MR values, plotted against the test duration expressed 
in days for each composite material (Fig. 15), can be fit-
ted with a decreasing exponential function in the form of 
MR = M

0
e−KR∙t , where t is the time, M0 represents the mass 

reduction at the initial time (t = 0) and it is imposed equal to 
1, and the coefficient KR represents the mass reduction rate 
or degradation rate. The data corresponding to the first 3 
weeks are not considered, because that period corresponds 
to the maturation stage of the compost, in which only small 
molecules can be degraded and the decomposition pro-
cess is not fully developed yet [70]. The decay trend of the 
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fitting curves appears increasingly marked as the CPG con-
tent increases. In fact, the KR values, obtained by the fitting 
function, increase with the CPG content and are reported in 
Table 2, allowing the prediction of the disintegration behav-
ior of composite materials under aerobic composting condi-
tions over time. 

To verify the presence of a relationship between the KR 
values and the CPG concentration in the composites, a sta-
tistical analysis was applied by calculating the covariance 
( �xy =

∑n

i=1 (xi−x)(yi−y)
n

 ) and the correlation coefficient 
( CC =

�xy

�x∙�y
 ), where xi and x are respectively the i-th value 

and the average of the examined CPG concentrations, yi and 
y are respectively the i-th value and the average of the KR 

rates, while �x =
�

∑n

i=1
(xi−x)

2

n
 and �y =

�

∑n

i=1
(yi−y)

2

n
 are 

respectively the standard deviations of the two statistical 
variables under consideration. The obtained results are 
reported in Table 2.

�xy assumes a positive value equal to 0.076 indicating 
the presence of a positive interdependence between the two 
variables and their correlation is also strong since the CC is 
equal to 0.999, a very high value and close to 1. Therefore, 
it is possible to state that increasing the CPG concentration 
in the polymer matrix actually results in the KR increase.

Plotting KR values as a function of the CPG concentration 
(Fig. 16), a linear proportionality with the filler content is 
observable, confirming the higher composite disintegration 
rate compared to the pristine PBAT. To have a quantita-
tive relationship between CPG concentration and KR, the 
simple linear regression method was applied considering 
respectively the CPG concentration and KR as independent 
and dependent variables and setting a 95% confidence level 
(Microsoft Excel, USA). The statistical parameters (intercept 
α, slope β and coefficient of determination R2) and relative 
errors, resulting from the linear regression, are shown in 

Table 2, while the equation of the fitting line in its complete 
form is represented in Fig. 16. The value of R2 is very high 
indicating a very good fit of the data to the regression model, 
allowing the prediction of the composite disintegration 
behavior under aerobic composting conditions over time.

Validity of the Test As a requisite for the validity of the test, 
D values should not differ by more than 10% between each 
tested sample. Table 3 reports the calculated final values of 
D for the individual samples and their relative variation.

The calculation of the decrease in volatile-solids in the 
compost with Eq. 4 aimed to the validation of the test. The 
values of two samples of compost collected from each reac-
tor are reported in Table 4.

Being R greater than 30% in all the reactors and being 
the condition on the variation of D satisfied, the test can be 
considered valid for all the reactors.

Conclusions

The present work aimed to study the dynamic-mechanical 
and viscoelastic behavior of PBAT and CPG micropar-
ticles composite materials at different concentrations of 

Table 2  KR values, obtained by the exponential fitting function, and 
statistical parameters, extracted by statistical analysis

Sample KR value

PBAT 0.0052 ± 0.0002
PBAT+4% CPG 0.0070 ± 0.0003
PBAT+10% CPG 0.0090 ± 0.0003
PBAT+20% CPG 0.0122 ± 0.0004
PBAT+40% CPG 0.0204 ± 0.0007
Statistical parameters
 �xy 0.076
 CC 0.999
 α 0.0052 ± 0.0002
 β 0.00037 ± 0.00001
 R2 0.997
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Fig. 16  Mass reduction rate KR as a function of the CPG concentra-
tion for PBAT and PBAT+CPG composites. The round points repre-
sent the experimental data, while the dotted line is the linear fitting 
curve

Table 3  D values and maximum relative variation

D1 D2 D3 ΔD [%]

PBAT 0.37 0.36 0.37 6.88 ± 0.07
PBAT+4% CPG 0.48 0.47 0.46 2.57 ± 0.03
PBAT+10% CPG 0.55 0.55 0.54 2.75 ± 0.03
PBAT+20% CPG 0.64 0.63 0.68 7.60 ± 0.08
PBAT+40% CPG 0.78 0.79 0.77 2.51 ± 0.03
LDPE 0.00 0.00 0.00 0.00 ± 0.00
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filler. The stability of the same materials to degradation 
due to accelerated weathering and to laboratory-scale com-
posting conditions was then tested and compared to that 
exhibited by LDPE.

An increasing trend in the Eʹ beside any noteworthy 
change in the glass transition temperature with the increase 
of filler content are noted. The realized composites became 
stiffer but did not lose thermal stability also at high CPG 
percentages. The same reinforcing effect was confirmed 
by the reduction of creep compliance: the CPG addition at 
increasing amounts enhanced the deformation resistance 
under constant stress.

The results collected from accelerated weathering of 
the films pointed out that, as the concentration of filler 
particles increased, the material became more susceptible 
to structural and macroscopic modifications with a marked 
tendency to embrittlement and deterioration as the weath-
ering process proceeds.

Disintegration test proved an increasing deterioration 
trend with the filler concentration, having D a satisfactory 
value according to the followed standard. On the other 
hand, LDPE, taken as reference, confirms its non-biode-
gradable nature.

The addition of increasing amounts of CPG micropar-
ticles to a PBAT polymeric matrix allows to obtain the 
modulation of mechanical and viscoelastic properties. At 
the same time, the characteristic degradation properties of 
PBAT are maintained in the composites and, in turn, can 
be modified by the filler content accordingly to specific 
needs. The obtained results allow to propose PBAT-CPG 
composites as a sustainable alternative to thermoplastic 
polymers commonly in use for many fields, such as pack-
aging and agriculture.
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