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Abstract The aim of this study was to determine thermal
and mechanical properties and applicability of ground chest-
nut shell waste as a filler for poly(lactic acid) composites.
The used amount of filler was ranging from 2.5 to 30 wt%.
Spectroscopic analysis of composites and its ingredients was
conducted by means of FT-IR method. The mechanical and
thermal properties of the composites were determined in
the course of static tensile test, Dynstat impact strength test,
DMTA analysis, and DSC method. The fractured surface
morphology of biocomposites was evaluated by SEM analy-
sis. Incorporation of the filler influenced the overall mechan-
ical properties of the composites characterized by high stift-
ness and lowered impact resistance. Fabricated composites
with different amounts of non-reactive natural waste filler
exhibited acceptable mechanical and thermal properties.
Therefore, these composites can be used as eco-friendly,
biodegradable materials for low-demanding applications.

Keywords Poly(lactic acid) - Natural composites -
Mechanical properties - Structure
Introduction

Increasing impact of the plastic products on the develop-
ment of human life standard is connected with a long-term
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expansion of petroleum-based polymers. Despite trials of the
reducing polymeric waste and strong restrictions concerning
storage and product end-life cycle performance, the amount
of the non-degradable polymer gradually has become ballast
for the environment. Therefore, the endeavor of introduc-
ing biodegradable polymers in industrial-scale production
gained ground among scientists [1]. The area of biodegrad-
able material application is continuously extending thanks
to their improving properties which in many cases resemble
petrochemical polymers. In spite of many studies concern-
ing the usage of biodegradable polymers, such as poly(lactic
acid) (PLA) [2-10], poly(butylene adipate-co-terephthalate
(PBAT) [11-13], polypropylene carbonate (PPC) [14-16],
and starch [17-20], their commercial application is still
not very common. Packaging industry appears as a branch
which due to relatively low expectations towards mechanical
properties allows for wide application of fully biodegradable
polymers on a bigger scale [5]. The low thermo-mechanical
stability of green composites, next to relatively high price,
became their biggest disadvantage in comparison to petro-
leum-based non-biodegradable polymers [5, 13]. Therefore,
it is well founded to use recycled thermoplastic biodegrad-
able polymers as a matrix for composites filled with organic
and inorganic fillers [7, 11].

Except for the application of the specially prepared fiber-
like natural fillers (e.g., bamboo, kenaf, jute and flax), great
attention is placed on incorporation of agricultural waste
materials into polymeric matrix [2, 21-25]. Extensive stud-
ies showed that presence of the natural fillers in biodegrad-
able polymers may strongly accelerate biodegradation pro-
cess thanks to faster hydrolysis followed by oxidation of
both biopolymer, as well as the filler. Moreover, presence
of natural filler increases water absorption, which highly
influences biodegradation process of the composites, in
comparison to neat polymer. In case of natural composites
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based on non-degradable polymers, hydrolysis under normal
environment conditions will be reduced only to the parti-
cles of the natural filler; hence, polymer matrix becomes
only physically fragmented and eroded [25]. The applica-
tion of the chestnut shell waste as a natural filler for poly-
mer composites had been previously reported. Kaymakci
et al. investigated the effect of chestnut shell on mechani-
cal properties, as well as dimensional stability of the poly-
propylene based on composites with application of maleic
anhydride—polypropylene (MAPP) as a coupling agent. The
results presented in their study showed that the incorpora-
tion of MAPP into natural composites based on hydropho-
bic polymeric matrix strongly reduces water absorption and
increases mechanical properties of the modified composites
[26]. Another study which presents the application of chest-
nut shell waste as a filler was presented by Wu et al., who
focused on the development on poly(butylene succinate)-
based biocomposites [27]. It should be noticed that no lit-
erature studies concerning the modification of the poly(lactic
acid) by chestnut shell powder were presented in the litera-
ture. Therefore, the aim of this study is to determine thermal
and mechanical properties of poly(lactic acid) filled with
chestnut shell powder waste composites and potential appli-
cations resulting from them.

Experimental
Materials and sample preparation

The commercial injection molding grade poly(lactic acid)
(PLA) Ingeo™ 3001D with a melt flow rate (MFR) of
22 ¢/10 min (210 °C, 2.16 kg) supplied by Nature Works
(USA) was used in our experiments.

Preliminary preparation of the chestnut shell waste filler
(CN, Aesculus hippocastanum L.) included rinsing in run-
ning distilled water and drying at 50 °C for 24 h. First dis-
integration was processed in a low-speed mill cutter Shini
SC-1411 and then milled in high-speed mill Retsch GM 200
(n =2000 rpm). Application of the two-step milling allows
the preparation of non-degraded natural filler for PLA-based
biocomposites. The obtained waste chestnut shell powder
was sieved by vibratory sieve shaker ANALYSETTE 3 Pro
equipped with 200-um-mesh size sieve. Characterization of
particle size distribution was evaluated using laser particle
sizer Fritsch ANALYSETTE 22 apparatus operated in the
range of 0.08-2000 pm.

PLA pellets and CN powder were premixed using
a high-speed rotary mixer Retsch GM200 (¢ = 3 min,
n = 1000 rpm) with different amounts of filler (2.5, 5, 10,
20, and 30 wt%). Next, all blends were mixed in a molten
state using a ZAMAK 16/40 EDH twin screw co-rotating
extruder that operated at 190 °C and 100 rpm, and pelletized

after cooling in a water bath. The normalized specimens
for tensile and impact strength test were prepared with a
Engel HS 80/20 HLS injection molding machine operated
at 190 °C. Injection molding process was realized with the
following parameters: mold temperature T4 = 25 °C,
injection speed V =70 mm/s, forming pressure P,=5 MPa
and cooling time t = 45 s. Materials were every time dried
in a vacuum at 50 °C for 24 h before being mixed in molten
state. The samples were described as PLA, 2.5CN, 5CN,
10CN, 20CN, and 30CN, adequately to incorporated amount
of chestnut shell waste powder.

Methods

The thermal stability of chestnut shell was determined by
thermogravimetric analyses (TGA) with temperature set
between 30 and 800 °C at a heating rate of 10 °C/min under
nitrogen and air atmospheres using a TG 209 F1 Netzsch
apparatus with ceramic pans. The initial decomposition tem-
perature 75 was determined as a temperature at which the
weight loss was 5%, also temperature T, at which weight
loss is equal to 50% was designated. The residual mass
(AW%) was defined at about 800 °C.

The FT-IR measurements were conducted by means of
a Fourier transform spectrometer Bruker Vertex 70, at an
ambient temperature (23 °C). To analyze the ground chest-
nut shell, poly(lactic acid) and 30CN composite surfaces,
Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR FT-IR) was used. In all cases, a total
of 64 scans at a resolution of 1 cm™' was used to record the
spectra. All spectra, including the CO, one, were submitted
to weather correction.

Differential scanning calorimetry (DSC) measurements
were performed using a Netzsch DSC 204 F1 Phoenix®
apparatus with aluminum crucibles and approximately 5-mg
samples, under nitrogen flow. All the samples were heated
up to 190 °C and held in a molten state for 5 min, followed
by cooling down to 20 °C. Heating and cooling rates were
equal to 10 °C/min. This procedure was conducted twice to
evaluate the DSC curves from the second melting procedure
and gain broad information about PLA and PLA-CN com-
posites’ thermal properties.

Mechanic properties of pure PLA and PLA composites
were evaluated in static tensile test according to European
standard ISO-527 by means of Zwick Roell Z020 TH ALL-
round Line universal testing machine with 20 kN nominal
force. Tests were carried out with 50 mm/min cross speed.
Each evaluation was prepared for 15 test specimens.

The impact strengths of the unnotched samples with
10 X 4 x 15 mm dimensions were measured by the Dyn-
stat method according to DIN 53435 standard. Presented
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impact strength values are arithmetic mean calculated from
15 measurements.

The dynamic mechanical properties of the composites,
with 10 X 4 X 50 mm dimensions, were studied using DMTA
methods in a torsion mode, operating at frequency f= 1 Hz
in the temperature range between 25 and 100 °C, and at
heating rate 2 °C/min. These methods applied very small
sinusoidally varying strains to test the material at constant
frequency and constant heating rate. The stress is defined as
storage modulus G’, loss modulus G”, and loss factor tand
[28]. The position of tand at its maximum was taken as the
glass transition temperature (Tg).

The structure changes evaluation caused by the incor-
poration of the filler was determined by scanning electron
microscopy (SEM). The samples’ fracture surfaces were
examined and digitally captured using a scanning electron
microscope Zeiss Evo 40. The electron accelerating voltage
of 12 kV was applied. Prior to the tests, all the specimens
were sputtered with a layer of gold. The magnifications of
1000x and 8000x were used.

Results and discussion
Characterization of the chestnut shell filler

In Fig. 1, particle size distribution function (Q3(x)) and its
derivative (dQ3(x)) as a function of particle size (x) were
presented. The arithmetic mean size of hybrid filler fraction
after milling was equal to 10.71 pm. Additionally, charac-
terization of organic filler particle size and shape was per-
formed by means of scanning electron microscopy (SEM)
(Fig. 2).

In Figs. 3 and 4, plots of weight loss vs. temperature
and their derivatives (DTG) are presented. Temperatures
recorded at two characteristic mass loss values (5 and 50%)
were assigned as T and T,. The values of T5 and T, for
chestnut filler determined in nitrogen atmosphere were 202
and 357 °C, and in air atmosphere they were 169 and 302 °C,
respectively. Peak temperature of DTG curves and maximum
rate of degradation filler were 307 °C and 5.1%/min in inert
atmosphere and 283 °C and 5.7%/min in oxygen atmosphere.

Fig. 1 Particle size distribution
of milled and sieved chestnut
shell

Q3(x) [%]
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Fig.2 SEM image of milled chestnut shell powder, magnification
1000x

The AW % was defined as 36.7% in nitrogen and 5.8% in air
atmosphere. The thermal stability of chestnut filler was suf-
ficient to proceed with melt processing.

Spectroscopic analysis of composites and its ingredients

The FT-IR spectra of ground chestnut shell, PLA, and com-
posite containing 30 wt% of CN are presented in Fig. 5. In
CN spectra the broad absorption band at 3000-3500 cm™!
indicates bonded hydroxyl (-OH) groups existing in the nat-
ural filler [29]. Peak observed at 2900 cm™! corresponds to
C-H stretching band originating from aliphatic moieties in
cellulose and hemicellulose [30]. The peak at 1720 cm~lin
CN spectra is related to C=O0 stretching band from ester link-
age of carboxylic group in the lignin ferulic and p-coumaric
acids [31]. The observed peak at 1606 cm™! corresponds to
C=C aromatic stretching band and confirms the presence of
lignin in the natural filler. Double absorption peak at wave-
numbers of 1093 and 1068 cm™ is assigned to C-O stretch-
ing band from ether and alcoholic group [31, 32]. In case of
PLA, absorption peaks at wavenumbers: 3510, 2995, 2950,
1749, 1450, 1362, and 1053 cm™! are related to C-O-O-H
stretching, C—H aliphatic stretching, C—H aliphatic stretch-
ing (doublet), C=0 bending, -CH, bending, C-H bending,
and C-O stretching, respectively [33, 34]. The absorption
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Fig. 3 TG and DTG curves of 100
chestnut filler investigated under
nitrogen atmosphere
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Fig.4 TG and DTG curves of 100
chestnut filler investigated under
air atmosphere
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bands at 1207 and 920 cm™! are associated with allyl-ketone
chain vibration and flexural C—H bond vibration and are
representatives of the PLA crystalline structure [35, 36]. In
contrast to pure PLA, the 30CN composite sample exhibits
distinct peaks at mentioned wavelengths which correspond
to crystalline structure. This is due to a nucleating ability
of ground chestnut shells incorporated into PLA. These
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results are in a good agreement with crystallinity degree
values evaluated within DSC experiments, which will be dis-
cussed later. The poly(lactic acid)-based composites contain-
ing various amount of ground chestnut waste were prepared
without coupling agents and preliminary chemical treatment
of the natural filler. Therefore, no chemical interactions and
additional peaks at FT-IR spectra of composite containing
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Fig. 5 Absorbance vs. wavenumber ATR FT-IR spectra of ground chestnut shell, PLA, and 30CN composite in a range from 600 to 4000 cm™

30 wt% of CN were observed. The 30CN FT-IR spectrum
presents peaks originating from both PLA and chestnut
natural filler. Lowered absorbance at the wavelengths cor-
responding to poly(lactic acid) in case of the 30CN sample
is attributed to lower amount of polymer in composite. What
is important, despite the presence of 30 wt% amount of the
natural filler with high ability for moisture and water adsorp-
tion, no significant effects of hydrolytic degradation of PLA
in the composite during processing was observed. There was
no shift of the peak at 1081 cm™!, which may suggest the
presence of hydrolysis due to hydrogen bonding or nucleo-
philic attack by water molecules at -C—O- ester bonds. Shift
of the 1749 cm™! peak, corresponding to carbonyl group
C=0 band ascribed to ester bonds, was also negligible [37].
Therefore, it can be stated that it is not necessary to apply
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special methods of material drying or additional preproc-
essing of the composite pellets before melt processing, in
comparison to pure PLA.

Thermal properties

DSC curves of PLA and PLA-CN composites obtained
during second heating process are presented in Fig. 6.
Three transformations comprised by DSC data were
observed and analyzed: enthalpy relaxation correspond-
ing to glass transition (about 58 °C), cold crystallization
(near 106 °C), and melting of polymer matrix (168 °C).
Additionally, DSC parameters, such as glass transition
temperature (Tgl), cold crystallization temperature (T,),
melting temperature (7,,), melting enthalpy (AH,,), and

Fig. 6 DSC curves obtained o
from second heating of PLA £
and PLA-CN composites § -
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crystallinity level (X,), are listed in Table 1. The crystal-
linity degree of pure PLA and PLA-CN composites was
calculated using the following equation:

X, = [(AH,,/(1 — ®) AH,)] 100% (1
where AH is the melting heat of entirely crystallized PLA
and its value is equal to 106 J/g [38], and @ is the amount
of filler. On the bases of the data presented, it is clearly vis-
ible that the incorporation of chestnut shell waste powder
does not significantly influence glass transition temperature
determined by DSC. Only in case of composite samples con-
taining the highest amount of the filler small decrease of
T, value was observed. Pure poly(lactic acid) reveals low
crystallization ability; therefore, macromolecular chains are
unable to arrange completely during rapid cooling. In effect,
during PLA heating process, quenched polymer chains
rearrange forming regions with higher crystallinity. What
is more, cold crystallization temperature peak increases
in comparison to pure PLA, and achieves maximum value
of 106.7 °C for 5 wt% of CN. At the same time recorded
T, values for the highest filler concentration, i.e., 30 wt%,
lowered and revealed value 104.4 °C. The lowered T, for
30CN sample may have resulted from melt crystallization
enhancement of PLA. High amounts of organic fillers with
developed surface act as nucleating agents which promote
regular arrangement of polymer chains and increase crys-
tal growth during PLA-based composite cooling [10]. The
heat of fusion values obtained during melting of PLA and
PLA—-CN composites remained at similar level. On the other
hand, crystallinity level of PLA-CN composites calculated
in accordance with Eq. 1 was significantly increased in
comparison to pure PLA. For pure PLA, crystallinity level
of 41.6% was measured; hence, for the highest CN content
(30 wt% CN) X, was equal to 49.2%. This phenomenon con-
firms nucleation ability of the incorporated organic filler
particle. This is in good agreement with the work of Ouchiar
et al. who proved that the use of adequate fillers may be
a route to tuning the nanostructure of a polylactide [39].
Moreover, it can be stated that DSC results confirm FT-IR
analysis, which reveals the presence of higher amount of

Table 1 Thermal parameters obtained from DSC during second
melting

Name T, (°C) T,(°C) T,(°C) AH,(lg) X (%)
PLA 59.1 103 169.1 44.1 416
25CN 594 105.3 168.8 428 414
5CN 58.9 106.7 168.7 46.6 46.2
10CN  59.1 106.2 168.3 449 470
20CN  58.1 106.4 167.8 40.5 477
30CN 576 104.4 167.1 36.5 492

crystalline phase in composite containing 30 wt% of the
filler in comparison to pure PLA.

Mechanical behavior of PLA and PLA composites

The results of mechanical properties obtained in the
course of static tensile test and impact strength meas-
urements are presented in Fig. 7. It may be seen that the
incorporation of organic waste filler highly influenced
the overall mechanical properties of PLA-based com-
posites. The increasing content of ground chestnut shell
led to gradual increase of the stiffness with simultane-
ous reduction of the composites’ tensile strength. Pure
PLA samples showed elasticity modulus value of approx.
3.1 GPa. For lower amounts of CN (up to 5 wt%), the
samples’ elasticity modulus values were similar to those
recorded for pure PLA, and demonstrated average values
of 3.1 GPa and 3.2 GPa, corresponding to 2.5CN and 5SCN
samples. Composites with higher filler concentrations,
i.e., 10 wt% and more, showed stronger tendency to stiff-
ness improvement, achieving the maximum of 30 wt%
CN concentration, with E value of 3.8 GPa. According to
the literature exploring this field, the Young’s modulus
may increase with an increasing level of crystallinity of
the composite samples [40]. Opposite tendency may be
observed when analyzing the influence of filler loading
on the tensile strength of PLA composites. This phenom-
enon is characteristic of composite materials modified
by particle-shaped fillers with size above 1 pm [41]. As
this research proceeded, the tensile strength decreased
from 69 MPa (pure PLA) to 40.8 MPa for composite
filled with 30 wt% of CN. This effect may be attributed
to weak bonding between the hydrophilic natural filler
and hydrophobic polymer matrix. Moreover, the appli-
cation of unmodified particle-shaped filler with broad
particle size distribution may act as supplement crack
indentation point [41]. The only exception was observed
for composite samples containing 2.5 wt% of CN, where
tensile strength was not influenced by the presence of
the CN filler. Considering elongation values recorded at
samples break, behavior which is typical for filled poly-
meric materials was noticed. Average elongation at break
value determined for pure PLA, equal to 4.8%, decreased
to 1.5% for highest CN content. What is more, increasing
content of the CN filler caused reduction of the elonga-
tion at break inversely proportional to increased brittle-
ness of the PLA-CN composite samples determined by
Dynstat impact test [42]. More than 50% reduction of
impact strength of PLA—CN composites was observed in
comparison to pure PLA samples. To conclude, incorpo-
ration of natural powder filler with broad particle size
distribution, without preliminary chemical treatment,
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Fig. 7 Mechanical properties of pure PLA and PLA-CN composites

causes strong increase of the composite material stiff-
ness and brittleness.

Dynamic mechanical properties

The dynamic mechanical thermal analysis was used to deter-
mine the influence of the filler content on the viscoelastic
behavior of the composites, described by dynamic and
damping properties. The storage modulus (G') represents
the elastic portion of viscoelastic behavior connected with
solid-state behavior of sample, whereas loss factor (tand)
is a very useful parameter for detecting molecular transi-
tions of the polymers and allows to relate DMTA results
to interactions between components of polymer composites
and blends [43, 44]. Plots of the storage modulus and loss
factor versus temperature 7T for all samples are shown in
Figs. 8 and 9. The values of storage modulus at room tem-
perature as well as detailed information about glass tran-
sition temperature of the composites are given in Table 2.
The highest value of G' (2340 MPa) was reported for the
sample with the highest amount of ground chestnut shell
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in comparison with the reference sample PLA (1430 MPa).
This phenomenon is in agreement with observed significant
increase of Young’s modulus determined by tensile test and
suggests that particle-shaped filler have strong influence on
the elastic properties of composite. Hence, the tand peak
intensity for the composites decreases with an increase of
CN content and this may confirm that the introduction of this
filler hinders mobility of the PLA chains [40, 45]. Incorpo-
ration of particle-shaped filler into polymer matrix causes
increase of the elasticity and decreases ability for mechani-
cal energy dissipation; therefore, less energy will be used
to overcome the frictional forces between molecular chains
as to decrease mechanical loss [46]. This fact may be also
attributed to increased crystallinity level of the composites
in comparison to pure PLA. The addition of chestnut shell
led to the slight lowering of the composite glass transition
temperature (7,), from 70 °C for pure PLA samples down to
68 °C for composites containing 30 wt% of ground chestnut
shell. Decrease of the 7, may be attributed to insufficient
interfacial adhesion between polymer and filler [47]. These
results are also in good agreement with DSC investigations
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Fig. 8 Storage modulus vs. 2400
temperature of PLA and PLA- 8
CN composites 2200
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where similar tendency was observed. The glass transition
temperature determines the range of polymer material usage.
It is noteworthy that the fact that there are no significant
changes in T}, values is favorable for application of compos-
ite product in standard room temperature usage.
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Morphology analysis
The SEM micrographs of PLA and PLA-CN compos-

ites containing from 2.5 up to 30 wt% of the natural filler,
made with magnification 1000x%, are presented in Fig. 10.
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Table 2 The values of PLA and PLA-CN composites storage modu-
lus and glass transition temperature

Name G'y5.c (MPa) Tg °C) tand at Tg (a.u.)
PLA 1430 70 2.97
2.5CN 1440 70 3.04
5CN 1550 68 2.77
10CN 1640 69 2.64
20CN 2070 68 2.16
30CN 2340 68 1.81

The observed dispersion of the organic filler in polymeric
matrix was sufficient. Particles with various sizes were
uniformly dispersed in polymeric matrix, which may be
also confirmed by the low values of standard deviations of
mechanical parameters determined by uniaxial tensile test.
However, for 30CN composite, pullout cavities around big-
ger sized chestnut particles were observed. To determine
the adhesion between polymer matrix and the filler, addi-
tional SEM microphotograph is presented in Fig. 11. It can
be noticed that the saturation of the 20-um chestnut particle
by poly(lactic acid) was not significant. Most of the particles

Fig. 10 SEM images of PLA and PLA-CN composites, magnification 1000x
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Fig. 11 SEM image of chestnut particle in PLA matrix, magnifica-
tion 8000x

observed in Fig. 10 were not fully pulled out from the bulk
but broken on the fracture surfaces; however, in Fig. 11,
cavities between filler and polymeric matrix can be clearly
seen. Despite both these phenomena occurring simultane-
ously, dominant effect on the mechanical properties of PLA-
based composites may be caused by insufficient adhesion
between polymer and filler. Analysis results of SEM images
are in agreement with described significant increase of the
brittleness of the composites (increased stiffness with gen-
eral deterioration of remaining mechanical properties of the
composites) in comparison to pure PLA, as well as lowered
glass transition temperature determined by DSC and DMTA.

Conclusions

The aim of modern scientists is to explore new material solu-
tions which would allow to reduce the negative impact of
petrochemical polymers on the environment. Therefore, in
this work the chestnut shell was used as non-reactive filler in
poly(lactic acid) composites with the highest concentration
at 30 wt%. Application of various measuring techniques,
including: FT-IR, DSC, DMTA, SEM, and complex evalua-
tion of mechanical properties, allows to describe interactions
between biodegradable polymer and natural particle-shaped
filler. The addition of filler influenced the overall mechanical
properties of the composites, which were characterized by
high stiffness and high brittleness. Significant increase of the
composites’ storage modulus was caused simultaneously by
the presence of rigid particle-shaped structures dispersed in
polymeric matrix, as well as an increase of crystallinity of
polymeric matrix. It should be noticed that application of
ground chestnut shell without preliminary chemical treat-
ment allows for production by melt processing composite

materials without hydrolytic degradation of the bio-polyester
matrix. These composites can be used as eco-friendly, bio-
degradable materials for application where lower value of
impact strength is acceptable. This study resulted in explor-
ing a promising method of organic waste post-production
management.
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