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Abstract The aim of the study was to prepare elastic
composites of epoxidized natural rubber with polylactide
that was reinforced with lignocellulose. To improve the
functional properties of an ENR/PLA blend, we used lig-
nocellulose modified with silanes and silica. The addition
of silanes, particularly U511-tetraethoxysilane, improved
the strength characteristics of ENR/PLA composites, which
were primarily shown as a considerable improvement in
the elasticity of these materials. According to the thermo-
gravimetric analysis and its derivative and differential
scanning calorimetry curves for lignocellulose before and
after modification with silane, changes were verified in its
thermal profiles. Based on the tests of accelerated ageing, it
is observed that all of the ENR/PLA composites with lig-
nocellulose are characterized by a great degradability. The
ageing coefficient (K) and parameters of oxidation induc-
tion time (OIT/DSC) show that the modification of ligno-
cellulose with silanes increases the resistance of these
materials to the action of climatic conditions, particularly
UV radiation at 340 nm.
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Introduction

Conventional polymeric composites consist primarily of
synthetic raw materials. Most of the polymers used do not
exist in nature and do not undergo degradation. One can
now observe an increase in the number of studies published
on the technology of degradable polymeric materials.

Biodegradable materials have been produced and used
in an increasingly wider range. The properties of all
heterogeneous materials are determined by their structures,
compositions and interfacial interactions. A direct influ-
ence on these components is exerted by synthesizing or
modifying the materials used in the manufacturing pro-
cesses of these materials or their types and origin. One can
observe with increasing frequency the return to the use of
raw materials from renewable sources [1-11].

The desirable properties of lignocellulose materials
encourage one to apply them to make polymeric compos-
ites that are designed for use in many industrial branches.
One can observe a growing interest in renewable cellulose,
hemicellulose or lignocellulose. Lignocellulose biomass is
a fibrous portion of plant materials that is attractive because
of its renewable origin and large resources. Lignocellulose
fibres have some interesting mechanical and physical
properties. The term lignocellulose is used to describe the
three-dimensional polymeric composites that plants create
as structural materials. It is composed of variable parts of
cellulose, hemicellulose and lignin [12-24].

Renewable raw materials are also used to produce
monomers and polymers. The basic biodegradable poly-
mers include PHA, PLA, PHB, PHBV, PGA, PD, PHH,
PBAT, PBS, PBSA, PHBH, PVOH, PCL, PES, PKA, BAT
and TPS. Among the mentioned polymers, polylactide
(PLA) plays a dominating role and constitutes approxi-
mately 40 % of all biodegradable polymers. This polymer
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is called doubly green because it is both biodegradable and
is obtained from renewable sources [25-30].

Materials and methods
Reagents

The subject of the study, polylactide, was obtained from
Nature Works™ (USA) (40phr). Epoxidized natural rubber
(Epoxyprene 50; 50 mol% epoxidation) was obtained from
Kumpulan Guthrie Berhad, Malaysia (60 phr). Dodecanoic
acid (1 phr) 97 % obtained from Sigma-Aldrich was used
as a cross-linking agent; 1,2-dimethylimidazole (0.5 phr)
was used as a cross-linking catalyst (98 %). Lignocellulose
(LC) (Lignocel C 120/HB 120) was characterized by length
of fibre 70-150 pum, from Rettenmaier Poland Sp. z o.0.

Silanes obtained from Unisil Sp z.0.0. (Poland): U13
(3-aminopropyl)triethoxysilane, U5 [3-(2-aminoethy-
lamino)propyl]trimethoxysilane, US511-tetraethoxysilane,
U611-vinyltrimethoxysilane, were used as modificators
(4 phr) of lignocellulose.

Symbols

Polylactide—PLA; epoxidized natural rubber—ENR; lig-
nocellulose—LC, filler; silica Aerosil 380—A380, filler,
polylactide/epoxidized natural rubber blend—ENR/PLA;
oxygen induction time—OIT (min); a.u.—arbitrary unit;
tensile strength—7S (MPa); elongation at the break—EB
(%); energy—E (J gfl); ageing coefficient—K (a.u.).

Methods for modification of fibres and preparation
of ENR/PLA blends with modified lignocellulose

Mechanochemical treatment of lignocellulose with silane
coupling agents

Samples of lignocellulose fibres modified by using silane
were obtained by intergrinding the specified mixtures in a
laboratory planetary mill (Fritsch Co., Germany). Modifi-
cation of the tested filler was performed in a ball mill at
speeds of 500 rpm. The reaction time, i.e. the time to apply
mechanochemical treatment of fibres, was 2 h. The dry
mixture (lignocellulose with silane) in the amount of 10 g
was ground in a steel beaker with steel balls (15 steel balls;
individual diameter 10 mm and mass 4.08 g) in a Pul-
verisette 5 from Fritsch. The concentration of the silane
coupling agent was 10 % by mass of lignocellulose.
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The preparation of ENR/PLA biocomposites with biofillers

Homogenization of polymers (polylactide and epoxidized
natural rubber) and cellulose was done in a Brabender
Measuring Mixer N50 (Duisburg, Germany). The polymer
blends were processed at 40 rpm rotors speed, and the
initial temperature was set at 180 °C. After around 15 min
of polymer mastication, filler (lignocellulose or silica
Aerosil 380) was added and mixed for 15 min.

The vulcanization of rubber blends was carried out with
the use of steel vulcanization moulds placed between the
shelves of an electrically heated hydraulic press. Teflon
films were used as spacers to prevent the adherence of the
blends to the press plates. Samples were vulcanized at a
temperature of 160 °C under a pressure of 15 MPa for
60 min.

Measurement methods
Mechanical properties of ENR/PLA composites

The tensile strength of vulcanizates was tested according to
the standard PN-ISO 37:1998 by means of a ZWICK tester,
model 1435, for dumbbell w-3.

Ageing characteristics were determined according to the
standard PN-82/C-04216. Samples were exposed to air at
elevated temperature (383 K) for 10 days in a dryer with
thermocirculation. UV ageing was performed using a UV
2000 apparatus from Atlas. The measurement lasted 288 h
and consisted of two alternately repeating segments with
the following parameters: daily segment (radiation inten-
sity 0.7 W mfz, temperature 60 °C, duration 8 h) and
night segment (no UV radiation, temperature 50 °C,
duration 4 h). Climatic ageing was carried out using a
Weather Ometer (Atlas; Ci 4000). The test was based on
two variable segments simulating day and night conditions,
and the samples were subjected to two different cycles:
daily cycle (radiation intensity 0.4 W m™2, temperature
60 °C, duration 240 min, humidity 80 %, rain water on)
and night cycle (no radiation, temperature 50 °C, humidity
60 %, duration 120 min).

The ageing coefficient was calculated according to the
relationship:

B [TS x EB}afterageiﬂg (1)

[TS x EB|

before ageing

where TS indicates tensile strength, EB indicates elonga-
tion at break, and TS’ and EB' are the corresponding values
after ageing.
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Scanning electron microscope (SEM) analysis

The dispersion degree of the fillers in the elastomeric
matrix was assessed from images obtained using a LEO
1530 scanning electron microscope (SEM). The samples
tested consisted of vulcanizate fractures in liquid nitrogen
dusted with carbon.

Thermal analysis of fibre and composite

The oxygen induction time (OIT) test was performed on a
Mettler Toledo DSC instrument. Samples with a mass of
4 mg were heated from room temperature to the test tem-
perature, 220 °C, at a rate of 20 °C min~! under a nitrogen
atmosphere. After 5 min at 220 °C, the gas was switched
from nitrogen to air at a flow rate of 60 mL min~'. When
all antioxidants are consumed, the sample starts to oxidize,
producing a deviation in the baseline. The OIT was mea-
sured as the time between the switch to air flow and the
intersection with a tangent from the maximum derivative
after oxidation has started. Two analyses of each sample
were performed to ensure the accuracy of the results. The
OIT was measured according to the national and interna-
tional standards such as ASTM D 3895.

The crystallized specimens were characterized by using
temperature-modulated DSC (TA 2920; TA Instruments) at
the heating rate of 5 °C min~' with a heating/cooling cycle
of the modulation period of 60 s and an amplitude of
£0.769 °C, to determine the glass transition (7) crystal-
lization temperature (7;) and the melting temperature (7,,).
The DSC was calibrated with indium before use. For the
measurement of 7., we used amorphous samples after
quenching from malt state (~200 °C).

Thermal decomposition (TG) was studied by using a
Mettler Toledo Thermobalance. Samples of approximately

5 mg were placed in aluminium oxide crucible and heated
from 20 to 700 °C under a dynamic flow of nitrogen
(50 mL min~"). Five heating rates (5 °C min~!) were
used.

Infrared spectra (FTIR) analysis

Infrared spectra (FTIR) were measured within the wave-
length range of 3500-700 cm ™" using a FTIR Nicolet 6700
spectrophotometer and OMNIC 3.2 software (Thermo
Scientific Products: Riviera Beach, FL, USA). ATR
accessory equipped with a single reflection diamond ATR
crystal on ZnSe plate was used for all of the analysis.
Fourier transform infrared spectroscopy was performed
with a DGTS/KBr detector, with the following measure-
ment parameters: 128 scans, resolution 8 cm~! and the

speed of scanning equal to 0.6329 cm s~ .

Results and discussion

The first step of the present study was the thermal analysis
of lignocellulose samples. Various thermal techniques
(DSC, TG, OIT) were used to determine the effect of
mechanochemical modifications on the thermal properties
of natural fibres. The next step was the characteristics
properties of the composites based on epoxidized natural
rubber and polylactide with the addition of modified fillers.
Another very helpful analysis to study the effectiveness of
modification of natural fibres is undoubtedly FTIR spec-
troscopy. Modification with silane of lignocellulose fibre
had helped achieve better interaction between the polymer
matrix and filler. Better adhesion between polymer and
filler results in better dispersion and what is associated with
it is a better ability to transfer stress in composite.
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Thermal analysis (differential scanning calorimetry
and thermogravimetry)

The DSC curve of the lignocellulose shows an
endothermic effect at 46-137 °C (E = 142] gfl) and a
similar effect at 42—-144 °C (E =144 ] g_l) for the fibre
that was modified with silane. These effects are con-
nected to the dehydration and phase changes in the lig-
nocellulose components: hemicellulose, lignin and
cellulose. According to the literature data, the glass
transition temperature of hemicellulose is approximately
400 °C and that of lignin is in the range of 50-100 °C.
The mechanochemical modification with silane shifted
the decomposition temperature of lignocellulose from
340-320 °C (Fig. 1).

The TG curve illustrates the thermal stability of ligno-
cellulose. The first mass change observed is connected to
the thermal decomposition of hemicellulose and lignin.
The second inflexion in the TG curve is observed at a
temperature of approximately 340 °C and is connected to
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Fig. 4 Oxidative stability of ENR/PLA composites containing
mechanochemical modification lignocellulose. The oxidation stability
of composites was determined via the oxidation induction time (OIT)
by means of differential scanning calorimetry (DSC) in standardized
procedures
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thermogravimetric curves of the first transition connected
to the material decomposition are within the limits of 2°-3°
(Fig. 2).

The TG curve of ENR/PLA composites shows two
peaks connected to the thermal degradation of the material.
The decomposition of the first stage for ENR/PLA com-
posites is observed at a temperature of 150 °C (46 %),
whereas the second stage begins at 350 °C and has a mass
loss of 47.16 %. The addition of lignocellulose decreases
the mass loss in the first stage to 36.67 % at a temperature
of 150 °C, whereas the second stage begins at a tempera-
ture of 320 °C and has a mass loss of 55.29 %. The first

stage of thermal degradation is most likely connected to the
decomposition of the epoxidized natural rubber, and the
second stage results from the decomposition of polylactide
with lignocellulose (hemicellulose, lignin and cellulose)
(Fig. 3).

The increase in the ENR/PLA composites resistance is
also confirmed by the oxidation induction times determined
using the DSC method. The addition of lignocellulose itself
prolonged the oxidation by 1.24 min (Figs. 4-7).

The OIT value of the sample containing lignocellulose
modified with 3-(2-aminoethylamino)propyl] trimethoxysi-
lane amounted to 9.72 min.
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Fig. 8 Ageing coefficient
(K) ENR/PLA composites
containing mechanochemical
modification fillers

Fig. 9 Colour difference
(dE*ab) of ENR/PLA
composites after
thermooxidation, UV ageing
and weathering was measured
according to the Cie-Lab colour
scale. Coordinate a* green/red
colour component (a* > 0 red,
a* < 0 green) and b* blue/
yellow colour component

(b* > 0 yellow, b* < 0 blue).
(Color figure online)

Scheme 1 The probable
mechanism of bonding between
ENR rubber and silane
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Influence of modified lignocellulose
on the mechanical and morphological properties
of ENR/PLA composites

The composites of epoxidized natural rubber with poly-
lactide are characterized by mechanical properties ranging
from 9.30 to 16 MPa. The highest tensile strength is shown
by the reference sample that contains unmodified ligno-
cellulose. The modification of composites with the use of
silanes, in most samples, decreases the tensile strength
(TS), but there is a considerable increase in elongation at
the break, which means that the elastic properties of the
materials are improved. The highest elasticity of the
material is observed in ENR/PLA samples that contain
lignocellulose modified with U511-tetraethoxysilane, for
which the value of elongation at the break amounts to

W\
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SgalAzSE2  WICPAN

Sl AT RLIm  1RC PAN

466 %, whereas that of the material modified with U611-
vinyltrimethoxysilane is 382 %. Conversely, the reference
sample of ENR/PLA with lignocellulose is characterized
by a weak elongation at the break amounting to 210 %.

All of the ENR/PLA composites are degradable under
both climatic conditions and under the influence of single
factors such as UV or temperature. The addition of ligno-
cellulose modified with silanes improves the resistance
of the composites to ageing. The most susceptible to
ageing are samples containing lignocellulose modified with
(3-aminopropyl)triethoxysilane ~ and  3-(2-aminoethy-
lamino)propyl]trimethoxysilane, particularly when they are
aged under the influence of synergic climatic conditions
and concentrated radiation at 340 nm (Fig. 8).

The colour change of the composites under the influence
of various degrading conditions was assessed based on the
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Fig. 10 Scanning electron micrograph (SEM) of a lignocellulose; b lignocellulose treated by silane (U15); ¢ lignocellulose treated by silica

Aerosil 380; d ENR/PLA/LC/U611
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Fig. 11 Changes in the surface 0.29

chemical structure of )
lignocellulose, before and after 0.24 LC/silane

its modification with silane

]
based on infrared spectra S 019
(FTIR) 3
& 014
2
?
o  0.09
<
0.04
-0.01
700 1200
Fig. 12 FTIR of epoxidized 0.70
natural rubber, silane and ENR/
PLA composites modified by 0.60
silane S5 050
i
]
Q 0.40
8
S 030
(%]
Q
< 0.20
0.10
0.00

700

UV-Vis spectra. The highest values of parameter dE*ab
over 40 a.u. are shown by composites after climatic ageing.
UV irradiation resulted in thermooxidation, and it caused a
similar and insignificant effect on the colour change of the
composite samples (Fig. 9).

It is observed that fibres are oriented and that their
surface is not fuzzy or cracked. Thus, the fibres are very
tough if they maintain their shape after modification.
Because of the orientation and good quality of the fibres
used, they can effectively stress in composites during the
action of a greater force. On the fibre surface, one can
observe a polymeric cover that is well adhered to ligno-
cellulose because of an efficient transfer of stresses.
However, photographs show a very pure fibre surface,
which may indicate low adhesion on the fibre/matrix phase
boundary. Therefore, the elongation at break is not great.
The adhesion on the fibre/matrix phase boundary improved
by modification allows us to obtain a positive composite
reinforcement result.

Surface characterization by FTIR-ATR
spectroscopy of lignocellulose treated with silane

On the FTIR spectrum visible are the most important bands
of respondent fibres. The large band at 3300-3500 cm ™" is

@ Springer
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related to O-H groups or the C-H band at 2900 cm ™'
(methyl and methylene groups). The band near 1240 cm ™",
which appears in the untreated fibres of FTIR spectrum,
corresponds to an axial asymmetric strain of =C-O-C. It is
commonly observed when =C-O-, e.g. when ether, ester
and phenol groups are present. The band near 1460 cm™!
appears to be from the —CH, group of cellulose and lignin,
but bands near 1370 and 1319 cm™' are from the C-H
group of cellulose (crystallized and amorphous) and
hemicellulose.

The spectral band at 1635 cm™' corresponds to water
absorption because of the hydrophilic character of the
lignocellulosic fibre. Bands near 1100 cm™' are from Si—
O-Si groups and absorption bands at 1059 cm™' from the
mSi—O-Si stretching vibrations, which can confirm the
chemical modification of fibre.

The FTIR spectrum can have proposed reaction
scheme for the interaction between silanized lignocellulose
fibre and polymer. Epoxidized natural rubber can react with
amine group from silane. Scheme 1 shows the possibilities
of oxirane ring reaction with —NH, group. The extent of
silane reaction with ENR was estimated using semiquanti-
tative FTIR approach. The spectrum in Fig. 10 exhibits the
epoxide groups (C—O—C) of ENR-50 at 1248 and 880 cm™".
The moderate absorption peaks at 1060 and 1114 cm™" are
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due to asymmetric and symmetric stretching of the C-O
bond. The absorption band at 1627 cm™" is a characteristic
of —NH, rocking vibration. Comparison of the FTIR spectra
also indicates that there is a reduction in the epoxide band
intensity after the reaction. Oxirane ring of ENR rubber can
react with amine group of silane. The possible mechanism of
this reaction is shown in Scheme 1 (Figs. 11, 12).

Conclusions

Based on the studies performed, we can state that the
addition of lignocellulose improves the strength charac-
teristics of the composites of epoxidized natural rubber
with polylactide. The mechanochemical modification of
the filler with silanes has contributed to the improvement in
ENR/PLA material’s elasticity according to the assumption
concerning the design of elastic ENR/PLA composites. The
material developed is characterized by high degradability
under the influence of climatic conditions such as UV
radiation, temperature or humidity. The modification of
lignocellulose with silanes improves the adhesion at the
fibre-matrix phase boundary by improving the dispersion of
the ENR/PLA blend. At the same time, it also improves the
stabilization of the ENR/PLA blend under the influence of
UV radiation or thermooxidation.
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