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Abstract Polypropylene (PP), due to its chemical stability,
is considered one of the main responsible of the increasing
amount of plastic wastes on earth. To overcome this
problem and to reduce the dependence of oil feedstocks,
the use of lignocellulosics as fillers or reinforcements in
thermoplastic materials has been increasing enormously in
the last decades. In the present work, Liquid Wood (a
mixture of cellulose, hemp, fax and lignin) was used to
prepare, by mechanical mixing followed by thermal
extrusion, blends of various PP/Liquid Wood ratios. Dif-
ferential scanning calorimetry and thermogravimetric
analysis experiments were performed in order to verify
whether and how much the composition of the blends
affects the thermal properties of the obtained compounds.
Both calorimetric and thermogravimetric results indicate
that the application of PP as a matrix does not limit the
processing temperature of Liquid Wood, which may lead to
a perfect marketable composite from these components.
The addition of Liquid Wood also resulted in enhanced
mechanical properties for the PP/Liquid Wood blends.
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Introduction

Polypropylene (PP) is one of the most commodity poly-
mers used in the largest quantity today due to its versatility,
good mechanical properties and relatively low price. These
features make it one of those most versatile polymers
available with applications, both as a plastic and as a fibre,
in virtually all of the plastics end-use markets. Its contin-
uously increasing application accelerates research in all
related fields, including the preparation of PP-based com-
posites, and blends in order to modify the polymer target
property according to the requirement of the application
field [1-3]. By contrast, due to its chemical stability, PP is
considered to be one of the reasons responsible for the
phenomenon known as white pollution, which results in the
accumulation of plastics on earth. Therefore, the interest in
degradable plastics has been increasing enormously as a
result of the enlarging volume of municipal solid waste, the
decreasing landfill capacity for its disposal, and because
plastic products are among the most visible forms of trash.
To overcome this problem, degradable plastics must be
developed [4]. If we add, to the above considerations, the
tendency in stopping the dependence on plastic products
which, as everyone knows, are made of oil, the result is the
renewed interest in the use of lignocellulosics material as
fillers or reinforcements in thermoplastic polymers, creat-
ing new hybrid systems. Apart from renewability, the
advantages of using lignocellulosics in composites and
blends with thermoplastics are low density, low abrasion to
equipment, and increase in elastic modulus (Young’s
modulus) [5-7]. The field of PP/lignin systems was
investigated [8—10], and in the last years, taking advantage
of its ability to confer strength to the wood and take the
form of meltable granules, lignin was used to produce
a material out of which almost anything can be
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manufactured, from furniture, accessories, toys, plastic
cases for electronic devices, and food containers of any
shape, to car bodies, which is known as Liquid Wood. This
material was firstly obtained at the Fraunhofer Institute for
Chemical Technology (ICT) in Pfinztal (Germany), where
three types of Liquid Wood were classified according to
their biodegradability degree, namely Arboform (100 %
biodegradable), Arbofill and Arboblend (partially
biodegradable). Liquid Wood is marketed as a mixture of
cellulose, hemp, fax and lignin that, due to its properties (it
may be reused several times without diminishing its
properties), may replace all the current plastic products in
the world, becoming one of the newest green materials
[11]. The use of PP as a matrix may limit the processing
temperature and the heating effects due to friction and
shearing and may lead to the degradation of lignin, thus
resulting in the loss of the favourable properties of poly-
mer/lignin systems. Accordingly to the above considera-
tions, it seemed appropriate to make a preliminary
calorimetric and thermogravimetric investigation of how
the composition of the blends affects their thermal
properties.

Blends of various polypropylene/Liquid Wood ratios
(Table 1) were prepared by mechanical mixing followed by
thermal extrusion, and a comparative study on their thermal
behaviour was carried out. The chemico-physical characteri-
zation of the different blends was performed with differential
scanning calorimetry (DSC), while the evaluation of the
resistance to the thermal degradation was made by thermo-
gravimetric (TG) analysis in the scanning mode from 25 to
800 °C in flowing nitrogen. The temperatures at 5 % mass
loss (Ts ¢,), considered as the initial decomposition tempera-
ture, were determined as well as the residues at 800 °C.

Experimental
Materials

Grade-used Arboform LV100 (LV), which is designed for
injection moulding (density = 1.30 g cm ™), was supplied

Table 1 Blend formulations

Samples PP + MAPP (3 %)/mass% LV/mass%
PP 100 0
1 80 20
2 60 40
3 50 50
4 40 60
5 20 80
LV 0 100
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by Tecnaro GmbH (Germany). A reactor elastomer-modi-
fied polypropylene compound intended for injection
moulding (density = 0.905 g cm™>, melt flow rate (230 °C/
2.16 kg) = 11 g/10 min) was supplied by Borealis AG
(Austria). Maleic anhydride-grafted polypropylene (MAPP),
used as a coupling agent suitable for wood and natural fibre
composites and blends with PP, was supplied by Sigma-
Aldrich (mp = 156 °C, density = 0.934 g cm™>, M, =
3900 GPC, M,, = 9100 GPC).

Blend preparation

Blends of various PP/LV ratios (Table 1) were prepared by
mechanical mixing followed by thermal extrusion using a
Berstorff ZE25Ax40D extruder. The sequence of com-
pounding was as following: PP and MAPP were previously
mixed (3 % of MAPP) and then fed through an input
hopper; finally, the LV was inserted from the extruder
opening side. The temperature profile of the extruder was
220-210-200-195-190-195-200 °C from input to output
zones. The blends were pelletized from the extruded fila-
ment. Compounded pellets were dried (24 h at 30 °C under
vacuum) before injection moulding which was carried out
using an injection moulding press, Arburg, with a tem-
perature profile of 185-190-195-200 °C in a room tem-
perature mould at maximum clamping force of 600 kN.
Tensile specimens were obtained from the injection
moulding apparatus according to the requirements of DIN
EN ISO 527-2.

DSC measurements

A Mettler DSC 1 Star System was used for glass transition
(Ty) and onset melting (Tonser) temperature determinations.
The procedure suggested by the manufacturer and reported
elsewhere [12] was followed to calibrate the response of
apparatus in enthalpy and temperature. Samples of about
6.0 1073 g, held in sealed aluminium crucibles, were
heated at —20—200 °C temperature range with a scanning

rate of 10 °C min~".

Scanning electron microscopy

The morphology of tensile fractured surfaces and of pol-
ished samples of pure components and of the blends was
observed through an EVO scanning electron microscope
(Zeiss, Cambridge, England) at room temperature. The
samples were gold-sputtered up to a thickness of 20 nm by
means of an Emitech K-550 sputter coater (Ashford Kent,
UK). An accelerating voltage of 15 kV was used to collect
the micrographs.
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Thermogravimetric analysis

Thermal degradations were performed in a Mettler Ther-
mogravimetric Analyzer TGA 1 Star System. Temperature
calibration of equipment was made according to the
method suggested by Mettler and reported elsewhere [13].
Samples of about 6 x 107> g were put into open alumina
crucibles and heated in the temperature range 25-800 °C,
at the heating rate of 10 °C min~', in flowing nitrogen
0.02L minfl). In order to correct the error in the mass
determination due to the reduction in the buoyancy force
on increasing temperature, we used the blank method,
recommended by the ICTAC Kinetics Committee and
extensively reported by Vyazovkin et al. [14]. A thermo-
gravimetric (TG) run with an empty pan (blank) was pre-
liminarily performed in the same experimental conditions
used for samples. The so obtained blank curve was sub-
tracted from those of samples, so obtaining corrected
degradation TG curves. At the end of each experiment,
these data were used to plot the percentage of undegraded
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Fig. 1 DSC curves, at 10 °C min~!,
samples 1, 2, 3, 4, 5 and LV

of polypropylene (PP),

sample, (1 — D) %, as a function of temperature, where
D = (W, — W)/W,, and W, and W were the masses at the
starting point and during scanning.

Mechanical testing

Tensile properties of the blends were measured by a
Universal testing machine, Instron 3382, according to
standards ASTM D638. System control and data analysis
were performed using Blue Hill software.

Results and discussion

All samples were at first calorimetrically characterized by
heating from —20 °C up to melting and their DSC curves are
reported in Fig. 1, whilst data of the characteristic tempera-
tures and enthalpies are reported in Table 2. As shown in
Fig. 1, polypropylene evidenced the classical DSC trace
which finishes with the melting at T, = 150.9 °C [15].
More interesting are the DSC curves of the blends (Fig. 1)
which, besides the melting that shift towards higher temper-
atures on increasing the LV content, show a glass transition
shortly before 60 °C and an exothermal peak whose onset
temperature oscillates in the neighbourhood of 90 °C. Both of
these phenomena become more evident with increasing the
LV content in blends and can be attributed, in our opinion, to
polylactic acid (PLA) (probably added to improve the
workability of Liquid Wood). The presence of PLA is
unequivocally confirmed by the melting peak observed in the
pure sample of LV (Fig. 1) that falls in the melting range,
well known in the literature [16—18], of pure PLA.

By a careful observation of the DSC curves of
samples 2-5, one can also observe the characteristic glass
transition of lignin [19] that resulted in partially overlaps to
the beginning of the melting of PP and PLA but that
becomes more and more evident with increasing content of
LV in blends. Analysing the data in Table 2, one can
observe how the melting temperature of the studied

Table 2 Glass transition temperature (7,), onset (Toexo) and peak (Tpexo) temperature and enthalpy (AH,y,) of the exothermal transition, onset
(Tonser) and peak (Tp) temperature and enthalpy (AH,,q,) of melting of the studied compounds

Sample T,/°C Toexo/°C Tpexo/°C AH /T ¢! Tonsed°C Tp/°C AH 0q./] g7
PP - - - - 150.9 167.9 —59.86
1 59.6 91.2 99.9 4.47 151.1 167.7 —59.87
2 59.2 89.3 97.9 8.75 155.1 167.4 —51.04
3 59.0 88.8 97.1 7.49 157.9 167.2 —4751
4 58.9 88.7 96.1 11.91 158.9 166.7 —42.05
5 59.3 88.3 95.3 15.76 159.6 168.6 —39.34
LV 58.9 88.7 96.2 16.00 159.5 168.6 —38.20
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Fig. 2 SEM images of Liquid Wood
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Fig. 3 TG degradation curves, at 10 °C min~', of polypropylene
(PP), sample 1, 2, 3, 4, 5 and LV

compounds grows by passing from pristine polypropylene
to the blends at higher content of LV, probably due to the
presence of PLA on considering that the maximum 7T,
value was found for pure LV.
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Table 3 Temperatures at 5 % mass loss (Ts ¢) and residue % at
800 °C of the studied compounds

Sample Ts /°C Residue/%
PP 418.0 9.52
1 326.0 1.83
2 318.0 2.60
3 305.3 3.84
4 302.7 5.10
5 295.5 6.18
LV 291.3 8.98
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Fig. 4 DTG degradation curves, at 10 °C min~", of polypropylene
(PP), samples 1, 2, 3,4, 5 and LV

The scanning electron microscopy (SEM) micrographs
of the tensile fractured surface for the LV sample is shown
in Fig. 2a. The presence of spherical particles (~ 1-3 pm)
and fibrous material dispersed in a PLA matrix is clearly
showed. The spherical particles are lignin particles. In
previous reports, focused on PLA/lignin blends, lignin
particles were dispersed in PLA matrix showing similar
morphologies [20, 21]. Figure 2b shows some degree of
particle debonding from the matrix, which is a sign of a
non-optimized adhesion between PLA and lignin.

The degradation of the studied compounds was thus
carried out into a thermobalance in the scanning mode in
order to determine two characteristic parameters of thermal
degradation, namely temperature at 5 % mass loss (75 ¢,)
and solid residue at 800 °C. The degradation TG curves of
PP, LV and their blends are reported in Fig. 3, whilst T5 ¢,
and residue values are reported in Table 3. The tempera-
ture at 5 % mass loss was chosen to evaluate the resistance
to thermal degradation because it is, in our opinion, more
reliable than initial decomposition temperature (7;), whose
determination is largely affected by the slope of descending
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Fig. 5 Temperature at 5 % mass loss (75 ) of various samples as
function of the polypropylene (PP) content in the blend

Residue at 800 °C/%

T
20 40 60 80 100
LV percentage in the blend

Fig. 6 Residue % obtained at 800 °C as function of the LV content in
the blend

piece of TG curve [22, 23], especially when, as in this case,
it occurs in two consecutive degradation steps [24]. In the
investigated temperature range (25-800 °C), polypropy-
lene and Liquid Wood degraded in one single sharp step
whilst their blends have shown two consecutive stages,
whose intensity, clearly showed by the DTG curves as
reported in Fig. 4, increases with their respective presence
in the blend. The T5 ¢, values of the 1-5 samples (Table 3)
were largely higher than that of LV and, as shown in Fig. 5,
increase exponentially on increasing the PP content.

For all compounds, the presence of a stable residue at
800 °C was observed and the quantitative data are reported
in Table 1 together with Ts ¢ values. It is worth noting

10 um

Fig. 7 SEM image of Liquid Wood
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Fig. 8 Tensile strength (a) and tensile modulus (b) as function of the
LV content in the blend

that, differently than PP and LV, whose residues lie around
10 %, all blends showed low values of residues that
increase in increasing the LV content (Fig. 6). These
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Fig. 9 SEM images of a pristine polypropylene and b sample 3

results clearly mean that the blending of PP with LV
decreases the resistance to the thermal degradation of
pristine polymer.

The fibrous material, which resembles the cross section
of natural fibres [25], is clearly displayed by the SEM
analysis of the polished cross section (Fig. 7). Sahoo et al.
[26] evidenced the multicomponent nature of the LV100
grade demonstrating the presence of ground plant fibres
like hemp, flax and wood in the lignin-based polymer
composites used.

The tensile testing results are summarized in Fig. 8.
Tensile strength and tensile modulus increased with
increasing percentages of Liquid Wood. The tensile
strength raised from 28.4 MPa, for the unmodified PP, to
447 MPa adding 80 mass% of LV, while the tensile
modulus varied from 849 MPa to 3520 GPa for the same
blends. Toriz et al. [27] showed different trends for PP/
lignin blends with the tensile strength decreasing mono-
tonically with lignin content and the tensile modulus
increasing up to 30 mass% and then decreasing for higher
lignin content. The explanation of the different trends
found for our blends is twofold: PLA is present in the
Liquid Wood mixture as shown by the thermal and
microscopic characterization reported above; MAPP and
lignin itself can interact to enhance the interfacial adhe-
sion of the blends components. As reported by
Reddy et al. [28] and Choudhary et al. [29], PP/PLA
blends can show enhanced mechanical properties, despite
the incompatibility of the pure polymers, when proper
compatibilizers, like MAPP, are used. The ester groups of
PLA can interact with lignin, and the anhydride groups of
MAPP can react with cellulose. Figure 9 shows the
comparison of the tensile fractured surfaces for pure PP
and sample 3. Polypropylene showed a ductile fracture
surface with some evidence of filler particles dispersed in.
The PP used is a reactor elastomer-modified polypropy-
lene compound. It is well accepted in the literature [30]
that polypropylene can be modified with mineral fillers to
improve mechanical properties. Sample 3 (Fig. 9b) shows
no clear sign of phase separation confirming the good

@ Springer

compatibility achieved with the studied formulations.
Graupner et al. [31] demonstrated that non-polar groups of
lignin can interact with PLA and PP by van der Waals’
forces and by the interaction of lignin with cellulose
through its ester groups and the anhydride of MAPP via
dipoles and hydrogen bonds, respectively. These confirm
tensile testing findings, which showed a clear strength-
ening effect with increased LV content. Therefore, the
Liquid Wood used in the present study is thought to act as
an efficient reinforcing agent for the studied PP blends
thanks to the presence of PLA and MAPP in the final
formulation.

Conclusions

Calorimetric characterization has demonstrated the pres-
ence of polylactic acid in Liquid Wood that is probably
added by Tecnaro, to improve the mouldability of LV
without compromising its green character. According to the
aim of this work, the obtained thermogravimetric results
suggest that the use of polypropylene as matrix for wood
blends should not limit the processing temperature of the
Liquid Wood and overall does not anticipate the degrada-
tion of lignin in the blends thus leading to obtain a perfect
marketable PP/LV system. Moreover, the mechanical
properties of the blends showed consistent performances
increases with LV additions which can be valuable for their
practical use. These increases were explained in the
framework of the improved compatibility arisen from the
combined presence of PLA, lignin and MAPP in the
blends.
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