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Abstract The main aim of the study was to evaluate the
thermo-oxidative stability and flammability of wood/poly-
propylene composites. The composites were obtained by
extrusion and compression moulding with chemical mod-
ification of wood in order to improve adhesion. The com-
posites were characterised by differential scanning
calorimetry and cone calorimetry, providing such param-
eters as the oxidation induction time and a few parameters
describing flammability, e.g. time to ignition, heat release
rate, mass loss rate, heat of combustion, specific extinction
area and emission of toxic gases. The results illustrate a
considerable effect of the presence of wood and chemical
modifications of lignocellulosic filler on the thermo-oxi-
dative stability and character of combustion of the com-
posites studied. The information provided in the paper
contributes towards the correct choice of chemical modi-
fication of wood that would improve mechanical properties
of the composites and towards getting composite materials
of target thermo-oxidative stability and flammability.

Keywords Polypropylene - Wood - Composites -
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Introduction

Composites of polymers with lignocellulosics have been

recently given much attention [1-6]. The interest in these
materials stems from specific properties of renewable
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cellulosic fibres used as a filler of plastics. As follows from
literature [7—12], the key problem in producing composite
materials is a poor interphase adhesion between the poly-
mer matrix and the lignocellulose filler, which show a
tendency towards aggregation and poor dispersion of the
filler in the polymer matrix as well as deterioration of the
mechanical properties of the product [13, 14]. For this
reason, many authors have been searching for methods
of chemical or physical modifications of the components
[7-12, 15-18]. The modifiers employed include acid
anhydrides, benzyl chloride, alkali solution, hexanediol
diacrylate, hydroxyethyl methacrylate, diisocyanates and
silanes, and are responsible for the improvement of
mechanical properties and dimensional stability of com-
posites. The modification described in detail by
Thakur et al. [19-21] is free radical-induced graft co-
polymerisation of lignocellulosic materials and synthesis of
graft copolymers from natural cellulose fillers under micro-
wave conditions [22, 23]. The grafted copolymers charac-
terised increased chemical resistance and higher thermal
stability. Another procedure aimed at improvement of adhe-
sion is functionalization of hydrophobic polypropylene
with hydrophilic modifiers in the presence of plasma [24].

Modification of the filler is also responsible for changing
its nucleation abilities leading to changes in the interactions
between the filler and the polymer matrix. According to
some authors [25-30], chemical modification of the filler
leads to a decrease in its nucleation abilities, while
according to others [31, 32], it leads to an increase in the
filler nucleation ability. An important problem in the con-
text of determination of nucleation ability of lignocellu-
losic fillers can be the polymorphism of cellulose contained
in the natural fillers. It should be added that mercerisation
(treatment in sodium hydroxide) is responsible for the
formation of another polymorphic variety of cellulose
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(cellulose II), which has been described in [33—-35]. That is
why the process of mercerisation responsible for the
appearance of cellulose polymorphic forms deserves close
analysis.

Much less attention has been devoted to a comprehen-
sive analysis of thermo-oxidative stability of the composite
materials. The effective use of wood-based particles as
fillers or reinforcements in the thermoplastic polymers
requires a fundamental understanding of the stability of the
composite materials. The majority of lignocellulosic fillers
have low degradation temperatures (~200 °C), which
make them inadequate for processing with thermoplastics
with processing temperatures above 200 °C [36-38].
Decomposition of wood components, such as cellulose and
lignin creates voids inside the composite, causing reduction
of the mechanical properties [39]. In general, it has been
shown that in order to estimate the thermo-oxidative sta-
bility of the composite materials, it is necessary to take into
account the oxidation induction time (OIT) [40-42]. OIT
values depend on factors such as density, temperature,
physical and chemical properties of polymer, type and
amount of cellulosic fillers [38]. However, analysis of lit-
erature data has revealed many controversies; often the use
of the same modifications of the lignocellulose component
would bring different results. Araujo et al. [43, 44] showed
that the lignocellulosic materials do not influence the oxi-
dative thermal stability of the composites under isothermal
conditions. Moreover, no effect or even a negative effect of
compatibilization process of lignocellulosic fillers on
thermal stability has been reported in other studies.
Sharkh et al. presented [36] that the compatibilized date
palm fibre/polypropylene composites are generally less
stable than uncompatibilized ones as a result of the lower
stability of the maleated polypropylene. Pukanszky [45]
claimed that maleated polypropylene accelerates degrada-
tion during processing and deteriorates the properties of PP
composites. Also, Paukszta et al. [44] have shown that
modification of rapeseed straw with acetic anhydride gives
the decrease in OIT and, in consequently, a negative effect
on thermal stability of composites.

Nevertheless, some authors have not confirmed the
negative role of lignocellulosic component and also com-
patibilization process in thermo-oxidative stability of the
composites [46—48]. These authors noted completely dif-
ferent results. Ehsani et al. [46] noted that wood fibres
increase the required time for oxidation of the composite in
comparison to pure PP. Also, Bettini et al. [47] presented
increase in OIT and initial decomposition temperatures
when PP-g-MMA compatibilizer is incorporated into the
polypropylene/coir composites. It is an indication that PP-
g2-MA may act as antioxidant and thermal protective barrier
for fibres. Moreover, Sapieha et al. [48] investigated the
thermal degradation of polyethylene/cellulose composites
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and found that oxidation during processing resulted in
enhanced adhesion between polymer and cellulose fibres.

Very little attention is paid to flammability of ligno-
cellulosic filler/polypropylene composites [49-55]. Only a
few papers [49, 52, 53] discuss the effect of the flame
retardants on the flammability of wood/polymer compos-
ites. Yap et al. [49] studied the effects of phosphonates on
the flame retarding properties of wood-polymer compos-
ites. Sain et al. [50] found that magnesium hydroxide can
effectively reduce the flammability of natural fibre-filled
polypropylene composites. Zhang et al. [53] investigated
the effect of ammonium polyphosphate on the flame
retarding characteristics of wood-fibre/polypropylene
composites. Nayak et al. [54] noted that the composites
with the sisal fibre showed lower burning rate than that of
polypropylene matrix. Moreover, the burning rate of the
sisal/PP composites compatibilized with MA-g-PP further
reduced as compared to that of the uncompatibilized
composites. Among the composites filled with treated
fibres, the sisal fibre modified with silane compound/PP
composites showed lowest rate of burning. Borysiak et al.
[55] found that differences of melt flow index (MFI)
among the polypropylenes strongly influence flammability
characteristics of the composites. Polypropylene compos-
ites with higher MFI values have longer time to igni-
tion, lower heat release rate (HRR) and longer total
burning time.

In the present work, the research was realised in two
directions. The first concerned the effects of modification
of the lignocellulosic component on the thermo-oxidative
stability of wood/PP composite. Up to now, the quantita-
tive results on the variability of OIT as a function of
chemical modification of lignocellulosic fillers have not
been presented in literature. The second direction con-
cerned the effects of the chemical treatment of wood filler
on the flammability of composite materials. It should be
emphasised that a rational approach to designing process of
production of composite materials of lignocellulose mate-
rials and polymers needs analysis of such problems as
thermal-oxidative stability and flammability of the ligno-
cellulosic fillers/polymer composites. Moreover, a good
knowledge of these parameters can lead to the use of a
proper stabilisation system for the composite materials and
consequently a longer life time in service.

Experimental
Materials
Polypropylene Moplen HP456 J supplied by LyondellBa-

sell was used as matrix in the experiment. It was charac-
terised as follows: isotactic content—95 %, melting
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temperature—166 °C and melt flow index (MFly3c,
2.16 kg) =24-3.2 g/lO min.

The pine wood (Pinus silvestris) was supplied by For-
estry—Kaminska (Poland), which had particle size
between 0.5 and 1.0 mm. The wood filler was dried at
70 °C in an air-circulating oven for 24 h prior to use. The
moisture content of the pine wood was less than 1 mass%.

Chemical modification of wood
Mercerisation

The wood was treated at room temperature in the aqueous
solution of sodium hydroxide with 17.5 % (in mass) con-
centrations for 60 min with vigorous stirring. Afterwards,
the alkalized wood was washed with distilled water for
several times to remove the excess of NaOH. Finally, the
wood was dried in the air at an elevated temperature (ca.
110 °C), until constant weight was achieved.

Esterification

Part of the alkali-treated wood was immersed in a one
molar solution of maleic anhydride in xylene and then
heated at reflux temperature for 8 h. Vigorous stirring of
the slurry was achieved by the use of a mechanical stirrer
at a rate of 100 rpm. When the time of the reaction
expired, the slurry was filtered, the modified wood was
washed several times with distilled water and extracted by
the ethanol:toluene mixture (2:1, v/v) in the Soxhlet
apparatus for 8 h to eliminate the unreacted anhydride.
Finally, the treated wood was dried in an oven at 80 °C
until its mass reached a constant value. The esterification
process was confirmed by the FTIR spectra and mass
percent gain [56, 57].

Preparation of wood—polypropylene composites

All composites samples were prepared by Fairex single-
screw extruder (Mc Nell Akron Repiquet, France). It has a
screw diameter of 25 mm and a length-to-diameter ratio
L/D = 25. The screw speed was fixed at 25-30 rpm, while
the cylinder temperatures were chosen as 140, 180, 195 and
190 °C from the hopper to the die. The extrudate was
subsequently pelletized into granules and dried under
vacuum at 80 °C for 24 h to remove any residual water.
The product obtained contained 50 % of pine wood.

In the second stage, the samples used for the OIT and
flammability investigations were prepared using compres-
sion moulding. Pellets obtained from the extrusion process
were compression moulded in order to obtain the boards
(size 100 x 100 x 4 mm). Compression moulding condi-
tions were as follows: 5 min at 190 °C under 4 bar in order

to eliminate the effects of their thermal history, cooling to
60 °C under pressure (4 bar) at 10 °C min ™.

Oxidation induction time (OIT)

DSC measurements were carried out in a DSC 821 calo-
rimeter (Mettler Toledo). This analysis followed the con-
ditions stated in ASTM D-3895-07. The uncovered sample
pan (approximately 15 mg) together with an empty refer-
ence pan in DSC oven were heated at a heating rate of
20 K min~" to the temperature of 200 °C at which the OIT
value was determined. When the temperature reaches
200 °C, samples were maintained for 3 min. Afterwards,
hold the samples under nitrogen purge at the first time an
isothermal step of 3 min, switched from the nitrogen to an
oxygen purge (indicated as time ;). The samples should be
maintained under isothermal conditions with the oxygen
purge until a significant oxidative exothermic response is
obtained. Once a significant exothermic onset has been
obtained, the experiment can be terminated. The onset of
this oxidation signal corresponds to a time f,. The OIT
value can be determined as the time between #; and 2,
[40, 41], and thus as difference between time after stabi-
lisation of the baseline and the time for the onset corre-
sponding to the beginning of the exothermal peak. The flow
of nitrogen and oxygen was be adjusted to 50 mL min~"
during the entire measuring procedure.

Flammability

The flammability tests were performed according to ISO
5660-1 standard procedures (cone calorimeter). All speci-
mens of dimensions 100 x 100 x 4 mm were exposed
horizontally to an external heat flux of 35 kW m™2. Sev-
eral parameters were obtained from a cone calorimeter
tests, such as time to sustained ignition (TTI), peak heat
release rate (HRR,,,), total heat released (THR), mass loss
rate (MLR), heat of combustion (HOC), specific extinction
area (SEA), CO and CO, yields.

Results and discussion
Oxidation induction time

An interesting problem was to check the effect of chemical
modification of wood on thermo-oxidative stability of
composite materials in the melt states. The oxidation
induction time (OIT) is evaluated in accordance with
Fig. 1.

In this technique, the higher resistance to oxidation
provides the high OIT value [58]. It can be observed from
Fig. 1 that pine wood decreases the required time for
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Fig. 1 Oxidation induction time (OIT) for polypropylene and
composites

oxidation of the composites in comparison to polypropyl-
ene matrix (OIT = 7.74 min). As it can be seen, the
untreated wood/PP composite has the OIT of 3.69 min.
Analysis of literature data has revealed many controversies.
Our results are in the contrast to those of Paoli et al. [43],
who observed that the curaua fibres do not influence the
oxidative thermal stability of the composites in comparison
with polymer matrix. However, Paukszta et al. [44] have
found that rapeseed straw/PP composite showed a much
lower OIT than the pure polypropylene.

This phenomenon may be explained by the increase of
polar groups (-OH) in composite material provided by the
wood, which can lead to side reactions during cellulose
decompositions. The presence of oxygen is another major
factor for promoting degradation during processing, while
polypropylene matrix is particularly susceptible to oxida-
tive degradation during processing by the only presence of
carbon—carbon chain bonds [59].

It is interesting that the alkali treatment decreases the
OIT of composite to 2.94 min. One explanation for this
fact is that the alkalisation of wood is responsible for
increased roughness of the lignocellulose filler as a result
of removal of many low-molecular components [60—64]
and fibrillation of the filler. Additionally, the effect of
alkali on a lignocellulosic material is a swelling reaction,
during which the natural crystalline structure of cellulose
relaxes [65]. Consequently, the hydroxyl groups in wood
are readily accessible. According to the result, addition of
the cellulosic filler into the composite increased the for-
mation of free radical and accelerated the decomposition
process.

In general, the beneficial role of mercerisation is not
only to remove fats and impurities from the surface of
lignocellulose filler, but also to remove lignin and hemi-
celluloses. Due to its structure, lignin has been investigated
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as antioxidant [47, 66]. The high thermal stability of lignin
is due to the presence of complex phenylpropanoid units,
which consist of aromatic phenyl groups. Gregorova et al.
[66] presented increased antioxidant efficiency when lignin
was added into polypropylene. Also, Bettini et al. [47]
showed that incorporation of lignin in the polypropylene/
coir composites resulted in increase in both the initial
thermal decomposition temperatures and oxidation induc-
tion time. In view of this and on the basis of our results, we
can claim that content of lignin in the wood is closely
related to the thermo-oxidative stability of composites. On
the other hand, decrease in the amount of lignin
(after mercerization) causes a decrease in the oxidation
induction time.

Another explanation could be due to the polymorphism
of cellulose. It is well known that the treatment of ligno-
cellulose materials with alkaline chemical leads to con-
version cellulose I into cellulose II and causes the
decrystallisation of cellulose [65, 67]. According to liter-
ature data, the mercerisation of wood leads to a decrease in
its nucleation abilities and prevented the formation of
transcrystalline layer. According to these authors, trans-
crystallisation is a result of interactions between polypro-
pylene and cellulose at the molecular level. In view of the
above, the presence of transcrystalline structures can be
vital for getting composites of desired properties [68].
Weak interphase interactions (lack transcrystalline struc-
ture) are responsible for the appearance of cracks and
delamination of the composites [68], leading to accelerat-
ing oxidation of composites. Moreover, Huang et al. [69]
have pointed out that the lower crystallinity of cotton after
alkaline treatment results in the more readily degradable of
cellulosic polymers. In previous work [33], we showed that
the crystallinity for untreated wood is 59 %, whereas that
for mercerised wood only 45 %. The present study indi-
cates that the effect of the alkaline treatment is that of
decreasing the OIT value, and in consequently, reducing
the thermo-oxidative stability of the mercerised wood/PP
composite.

Unexpectedly, esterified wood/PP composite showed
higher values for the OIT than the untreated wood/PP and
mercerised wood/PP composites. Esterification reaction
was found to play a role in enhancing the oxidative stability
of composite materials (OIT = 5.65 min.). To the best of
our knowledge, there are no reports on a relation between
chemical modification of lignocellulosic fillers and thermo-
oxidative stability of composite materials. Analysis of lit-
erature data has revealed some papers only [43, 44] and
simultaneously many controversies. Our results are in
contrast to the results described by Araujo et al. [43], who
presented that the curaua fibres/polyethylene composites
compatibilised with maleic anhydride grafted polyethylene
are less stable in comparison with no compatibilised
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materials. Also, Paukszta et al. [44] showed that the
modification of rapeseed straw with acetic anhydride gives
the decrease in OIT and decrease in thermal stability of
composites.

It is possible that improvement in the thermo-oxidative
stability of such composites is a result of greater hydro-
phobicity of wood modified by maleic anhydride. The
composites containing wood of lower content of hydroxyl
groups are more resistant to thermal destruction processes.
It should be emphasised that wood esterification is
responsible for improvement of interphase adhesion
between the modified filler and the polymer matrix. Con-
sequently, additional interactions at the interphase can be
responsible for increased resistance to thermo-oxidative
reactions.

Flammability

The cone calorimeter based on the oxygen consumption
has been used to evaluate the flammability characteristics
of composites and polymer matrix. The heat release rate
measured by cone calorimeter is a very important param-
eter as it expresses the intensity of fire [53, 70]. Moreover,
the time to reach HRR,,x value provides information on
the material contributing to the first stage of fire develop-
ment. Other important parameters that help the under-
standing of the fire hazard related to materials are smoke
generation (as specific extinction area, SEA) and emission
of toxic gases (CO accompanied by CO,). The changes of
HRR as a function of burning time for different samples are
shown in Fig. 2, and average values of the most important
parameters are presented in Table 1.

Significant differences in reaction-to-fire parameters are
observed between polypropylene matrix and composites.
As follows from Fig. 2, the composites have shorter times
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Fig. 2 Heat release rate versus burning time for polypropylene and
composite materials: (/) PP, (2) PP + wood, (3) PP + mercerised
wood, (4) PP + esterified wood

to ignition than the unfilled polypropylene. Pure polypro-
pylene after ignition burns quickly, and its combustion is
characterised by a sharp HRR curve in the range of
50-260 s. The heat released rate (HRR,,,x) for polypro-
pylene is 885 kW m ™2 The combustion of this polymer is
complete in about 350 s. For composite materials, the
shape of HRR curves is different and resembles that
characteristic of lignocellulose materials. Each HRR curve
presented in Fig. 2 has a characteristic minimum between
two peaks. Such a bimodal shape of HRR curve for the
composites indicates the possibility of char layer forma-
tion. The wood filler is responsible for carbonisation and
damping of heat release rate at the first stage of combustion
(the first peak in Fig. 2), and then as a result of char-surface
cracking, the whole sample is combusted (the second peak
in Fig. 2). The shape of HRR curves depends also on the
type of composite. HRR,,,. for the composites with
untreated wood is 582 kW m™? and is reached after 221 s
of combustion. The wood modification with maleic anhy-
dride causes a decrease in HRR,,, to a level of
475 kW m~? after 270 s, which corroborates the decrease
in the combustion rate of such composites. Both types of
composites, with unmodified and modified wood, have
much longer times of complete combustion than pure
polypropylene, which reach over 600 s. The combustion
behaviour of the composite with mercerised wood is
completely different. Such a composite has poorer flam-
mability as evidenced by higher HRR ., (655 kW m2)
and shorter time to reach HRR,,x peak (201 s) than the
other composites. The composites of PP/mercerised wood,
after reaching HRR,,,.x peak, show a very short time of
combustion completion, close to 300 s.

According to Table 1, also the other parameters charac-
terising flammability, THR, MLR, HOC and SEA, are con-
siderably smaller for the composites than for the poly-
propylene matrix. Interestingly, the parameters decrease for
the composites studied in the following sequence: PP/mer-
cerised wood > PP/untreated wood > PP/esterified wood.
This order is the same as that of HRR decrease and confirms
that the wood modification with maleic anhydride is
responsible for improvement in the flammability character-
istics (i.e. a delay in combustion), while wood mercerisation
causes its definite deterioration.

The toxicity of gas products of combustion of polypro-
pylene and the composites was determined by emission of
CO accompanied by CO,. The results given in Table 1
show that the combustion of the composites produces lower
emission of CO and CO, than the polypropylene matrix,
and this emission is the lowest for the composites with
esterified wood.

As follows from the result of the study, the flammability
of composites is to the highest degree determined by the
type of lignocellulose filler and also by the interphase
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Table 1 Average values of flammability parameters for polypropylene and composite materials

Parameter Unit Material
PP PP + untreated PP + mercerised PP + esterified

wood wood wood
Time to ignition (TTI) S 50.6 35.7 30.6 41.2
Total heat released (THR) MJ m~? 200 166 182 156
Average mass loss rate (MLR) g s*m~2 20.1 13.1 16 10.7
Peak HRR (HRR ) kW m™2 885 590 655 469
Time to reach HRR peak s 261 221 201 251
Average heat of combustion (HOC) MJ kg™ 40.8 36.4 38.3 34.6
Average specific extinction area m? kg™! 459 334 388 271

(SEA)

Average CO yield kg kg™ 0.028 0.021 0.023 0.013
Average CO, yield kg kg" 2.99 2.37 247 2.21

interactions between the polymer and the filler, which can
be to some degree controlled by the chemical modification
of the filler. Wood modification with maleic anhydride
leads to improved interphase adhesion with polypropylene
matrix [71] and to reduced combustion effectiveness (rate).
This observation is fully consistent with the finding of
other authors [72] according to which poor polymer-filler
adhesion leads to increased combustion rate. Our very
interesting observation was much poorer flammability
characteristics of the composites with mercerised wood. It
should be added that mercerisation can have a beneficial
effect by increasing roughness of the lignocellulose filler as
a result of removal of low-molecular components and the
filler fibrillation [60—64, 73-76]. The increase in the wood
roughness can be responsible for the increased rate of
combustion of the composites with mercerised wood.
Mercerisation leads to removal of lignin, which improves
the interactions between the filler and the matrix. It is
known [72] that poorer adhesion between the filler and the
matrix may lead to deterioration of the flammability
characteristics of composites, that is, to increased com-
bustion rate. It should be mentioned that alkalisation of
wood is also responsible for the formation of another
polymorphous variety of cellulose, the so-called cellulose
II, as reported in detail in [33, 34]. Cellulose II has much
worse nucleating properties, which means that its presence
hinders the formation of transcrystalline structures. Dete-
rioration of the nucleating ability of the lignocellulose filler
containing cellulose II weakens the polymer-filler inter-
phase interactions, and thus has a negative influence on the
characteristics of flammability of the composite materials.

To sum up, there is a good agreement between the results
concerning the flammability of wood/polypropylene com-
posites with those obtained in the thermo-oxidative stability
determination. Results of the studies have revealed a very
good correlation between the OIT and TTI parameters,
which means that the flammability of the composites,
measured as the time to sustained ignition, is closely related
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to their thermo-oxidative stability. The composites of high
thermo-oxidative stability also show high resistance to
inflammation. The composites with mercerised wood show
the poorest flammability characteristics and the lowest
resistance to thermo-oxidative processes. The opposite
effects were observed for the composites with esterified
wood, the increase in thermo-oxidative stability, increase in
time to ignition and decrease in the combustion rate.

The studies presented in this paper are planned to be
continued by testing the effects of different modifications
of the lignocellulose fillers on the thermo-oxidative sta-
bility and flammability of the composite materials
obtained. The effects of the cellulose and lignin isolated
from the fillers on the above parameters will also be
checked. The information gained from the studies is sub-
stantial when considering the use of these types of com-
posites in industry.

Conclusions

The above-described studies of thermo-oxidative stability
and flammability of composite materials have brought
interesting conclusions. All composite materials studied
showed oxidation induction time (OIT) shorter than that of
the polypropylene matrix. Chemical modifications of wood
fillers had a significant effect on OIT. The thermo-oxida-
tive stability of the composites with mercerised wood was
lower (shorter OIT) than that of the composite with
unmodified wood. The modification of wood filler with
maleic anhydride led to much higher OIT than that of the
sample with unmodified wood, which is the evidence of
improved thermo-oxidative stability.

The flammability tests on a cone calorimeter confirm the
significant differences in the reaction-to-fire parameters
between unfilled polypropylene and the composites. The
latter shows lower values of HRR,,. time to reach
HRR,,,.x peak, time to ignition, THR, MLR and HOC than
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the corresponding values obtained for the polymer matrix.
The wood modification with maleic anhydride brought a
considerable improvement in the flammability character-
istics, manifested by a much longer time of combustion
completion and a lower heat release rate. Much poorer
flammability characteristics was obtained for the compos-
ites with mercerised wood, as they showed higher HRR .«
and much shorter time of combustion completion than the
composites with unmodified wood. Interestingly, all com-
posites were characterised by lower emission of toxic gas
products of combustion than polypropylene. Moreover, this
paper provides the data that would help explain the
mechanism of thermo-oxidative degradation of wood/PP
composites taking into account molecular interaction of
filler matrix (controlled by chemical modification of filler)
and also polymorph varieties of lignocellulosic component.
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